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EVOLUTIONARY GENETICS OF THE FAMILY PLACOBRANCHIDAE
(MOLLUSCA: GASTROPODA: OPISTHOBRANCHIA: SACOGLOSSA)
Anna L. Bass
ABSTRACT
Members of the family Placobranchidae have been the focus of numerous studies
because of their interesting physiological adaptations (kleptochemistry and kleptoplasty)
and ecological associations with marine algae. More than 100 species have been
described since the 1800's, but no determination of phylogenetic relationships in the
family has occurred. DNA sequences from two mitochondrial genes (large subunit
ribosomal and cytochrome c oxidase subunit I) and one nuclear gene (Histone 3) were
used to reconstruct relationships among 34 nominal species within the Placobranchidae.
Strong support for terminal nodes was found using Bayesian phylogenetic methods;
however, a "soft" polytomy was detected at internal nodes. In general, the results
confirm the paraphyly of Elysia. Proposals for the designation of the genera, Thallepus
Swainson, 1840 and Tridachia Deshayes, 1857 and delineation of species are presented.
How intrinsic factors affect speciation rates in groups of animals has been a
central focus in evolutionary biology. Adaptive radiation associated with food choice has
been postulated for the opisthobranch order Sacoglossa. An increase in the rate of
cladogenesis was detected within the family Placobranchidae and intrinsic factors such as
vi

larval development, kleptoplasty and food choice were investigated as potential key
innovations. Ancestral state reconstruction of characters suggests that food choice played
a dominant role in influencing speciation rate within the family Placobranchidae.
Life history strategy may play an important role in structuring genetic variation
throughout the geographic range of a species. Members of the sacoglossan family
Placobranchidae Gray, 1840, exhibit variation in life history strategies such as feeding
preference and degree of kleptoplasty that could be influential in population structuring.
Three species, Elysia subornata Verrill, 1901, Elysia tuca Marcus and Marcus, 1967, and
Elysia crispata Mörch, 1863 were sampled from several locations in an attempt to
quantify genetic variation as indicated by cytochrome c oxidase subunit I gene
sequencing. Elysia crispata exhibited the highest degree of population subdivision
followed by Elysia tuca and Elysia subornata. Nucleotide and haplotype diversity also
revealed the same general ranking of species. Preliminary conclusions suggest that
diversity in feeding preference and degree of kleptoplasty play significant roles in
population subdivision of these species.

vii

OVERVIEW
Although the earth is dominated by water, speciation has generally been examined
in light of processes observed in the terrestrial environment with many of the early
discussions of speciation centered on island populations or terrestrial species (Mayr,
1942). The seemingly contiguous nature of the marine realm is reflected in the
documented species diversity. Briggs (1994) observed that the number of species in the
marine environment is many fewer than that in terrestrial environments although use of
the energy-stability-area theory of biodiversity would predict the opposite trend. Briggs
suggested that the apparent discrepancy in frequency of multicellular organisms (12
million + 1 million for land versus <200,000 for sea) is a result of estimation methods.
One of these methods involves extrapolation from a given sample area and the other is
the "expert opinion method." These general observations on numbers of multicellular
organisms in terrestrial versus marine environments can lead one to believe that
speciation may be limited in the marine realm. Although few molecular studies of
planktonic pelagic species have been undertaken (see Norris, 2000), pelagic organisms
are presumed to be homogenous populations because of the potential for mixing and
transport in and across the ocean. This assumption is based on the premise that
planktonic organisms or larvae are capable of high dispersal rates resulting in significant
gene flow that prevents local adaptation and speciation. The planktotrophic larvae equals
high levels of gene flow paradigm has been challenged by numerous researchers (Burton,
1

1983; Hedgecock, 1986). Larval developmental mode and resultant predictions of
dispersal potential is just one example of a contemporary influence on speciation in the
marine environment and neglects the importance of historical influences, such as
vicariant events (Mayr, 1942; McCoy & Heck, 1976; Briggs, 1995).
Marine invertebrates are extremely diverse in terms of their adaptations to marine
life. Their habitats span many extremes in salinity, temperature and flow regimes. A
simple necessity such as food acquisition may become difficult in the marine
environment if locomotion is limited and prey are seasonal. Reproduction in the aquatic
realm presents new challenges and numerous examples of methods to overcome
reproductive impediments are apparent such as mass spawning in general and changes in
gamete buoyancy specifically. The physiological and behavioral consequences of life in
the marine environment imply that the potential for local adaptation and reproductive
isolation are high; thereby, increasing speciation rates and limiting globally distributed
species. Globally distributed taxa are common among marine invertebrates as are taxa
exhibiting restricted distributions. Some large-scale questions become apparent when
attempting to examine speciation in the marine environment. Are geological processes
the main determinant of speciation in the marine environment? What are the relative
roles of life history traits and behaviors in the promotion/prevention of speciation? Can
one identify key innovations in marine invertebrates that may lead to increased rates of
speciation?
A potential model for a test of the importance of life history traits on speciation
can be found in the Phylum Mollusca. A diverse phylum, Mollusca is the second largest
animal phylum in terms of numbers of species. The diversity ranges from the raptorial
2

predators of Cephalopoda to the sedentary bivalve molluscs. The Class Gastropoda
dominates this phylum at numerous taxonomic levels and contains at least 40,000
described species (Pechenik, 2000). Although representing only a small portion of this
diversity, the Subclass Opisthobranchia includes some of the most flamboyant
(nudibranchs) and understudied (pteropods) species. The order Sacoglossa is particularly
interesting in terms of the secondary loss of the shell in many of the families and the
subsequent changes in physiology and behavior that may have accompanied this loss
(Marin & Ros, 2004).
In the first chapter, I use molecular data from two mitochondrial (cytochrome c
oxidase subunit I and large ribosomal subunit) and one nuclear (Histone 3) gene to
reconstruct phylogenetic relationships among taxa within the family Placobranchidae. In
the second chapter, I test for a change in the rate of cladogenesis with a subset of species
used to reconstruct the phylogeny of the family. In addition to an examination of the rate
of cladogenesis, I use character mapping to access the evolution of life history traits such
as larval developmental type, level of kleptoplasty and food choice. In the third chapter, I
compare several species of placobranchids to examine the effect of life history traits on
population subdivision and mitochondrial DNA diversity.
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CHAPTER 1: PHYLOGENETIC RELATIONSHIPS WITHIN THE FAMILY
PLACOBRANCHIDAE
INTRODUCTION
Within the Phylum Mollusca, the Gastropoda are numerically dominant at various
taxonomic levels and contains at least 40,000 described species (Pechenik, 2000).
Although representing only a small portion of this diversity, the Opisthobranchia includes
some of the most flamboyant (nudibranchs) and understudied (pteropods) species. The
clade Sacoglossa is particularly interesting in terms of the secondary loss of the shell in
many of the families and the subsequent changes in physiology and behavior that may
have accompanied this loss (Jensen, 1996, Cimino & Ghiselin, 1998). Within the
Sacoglossa, the family Placobranchidae Gray, 1840 exhibits a diverse array of
adaptations that are interesting in terms of both their evolution and their ecological
aspects. A variety of larval life histories are known for the members of the family
ranging from benthic- encapsulated (or direct development) to highly vagile planktonic
development. DeNegri & DeNegri (1876) first noted evidence of plant pigmentation in
the digestive glands of Elysia and Taylor (1968) provided data indicating a symbiotic
relationship between the slugs and algae. In many cases, while feeding on their preferred
food source, species extract additional energy by commandeering the chloroplasts from
the algae (Rumpho, Summer & Manhart, 2000). This relationship is probably more
appropriately termed kleptoplasty, because the plastids are removed or “stolen” from the
5

algae (Waugh & Clark, 1986). Some species of Placobranchidae, such as E. tuca and
Elysiella pusilla (originally described as Elysia halimedae), are believed to feed solely on
Halimeda spp. (Jensen, 1983) while others may be more generalist type feeders, such as
E. serca, which preys on Halophila, Thalassia, and Halodule (Jensen, 1993). These
observations may be a result of limited knowledge of food choice, but may also reflect
morphological constraints in feeding structures (Jensen, 1993). Information on
systematic relationships among species would be a useful framework for tests of
character evolution in this family.
Jensen (1996) and Mikkelson (1998) recognized two subclades within the
Sacoglossa, the Oxynoacea and Placobranchacea, with the Oxynoacea being more basal.
The Placobranchidae (= Elysiidae) are placed within the superfamily Placobranchoidea
and in terms of numbers of species are rivaled only by the Limapontiidae Gray, 1847.
Relative to other families in the order Sacoglossa, the number of species assigned to
Placobranchidae Gray, 1840 is large with 60-100 named species (Jensen, 1997). Since
the 1800's, members of this family have been variously divided into as few as nine and as
many as 14 genera (see Jensen, 1992). Some taxonomic schemes have resulted in the
assignment of monotypic genera to family (Plakobranchus ocellatus to Placobranchidae
sensu Marcus, 1982). No attempts to determine the phylogenetic relationships among
species have been conducted partly because of numerous taxonomic confusions and the
large number of named species. In addition to these factors, many species designations
are based on a single specimen and most populations seem to experience alternating
densities ranging from extremely numerous to no animals present (e.g. Elysia chlorotica;
Bleakney, 1996).
6

Another factor that most likely has led to the lack of a family phylogeny is that
members of Placobranchidae are conservative in terms of external variation in body form.
Generally, coloration or patterns of color are given in species descriptions, but only from
live specimens, as preservatives destroy all color except for black pigments. Color,
however, may not be a good indicator of reproductive isolation, as diet may also
determine color (Marcus, 1980). Other common characters are the presence of papillae
on head, rhinophores and parapodia. Pericardium shape and length, and pattern of dorsal
vessels appear to be very reliable (Bergh, 1872; Marcus & Marcus, 1970; Carlson &
Hoff, 1978), but may be subject to age variation and are affected by preservation
(Marcus, 1980). Radular teeth characteristics are in the majority of descriptions, but may
prove to be too plastic with tooth shape directly affected by diet (Jensen, 1993) such that
a comprehensive study of multiple individuals is necessary to encompass both intraspecific and ontogenetic variation (Bertsch, 1976). Molecular data may provide
informative characters for the elucidation of systematic relationships in particular the
question of generic level assignments and whether taxonomy reflects the evolutionary
history.
In a previous study, Jensen (1992) used internal anatomical characters (shape of
pharynx, reproductive systems, presence/absence of pharyngeal pouch) to differentiate
species. Gosliner (1995) focused on genera within the family and proposed a phylogeny
based on 12 morphological characters for ten taxonomic units. His analysis defined two
major clades within the family, but failed to resolve many of the relationships within the
genus Elysia. Gosliner (1995) concluded that the family was paraphyletic and suggested
that only the generic names Plakobranchus, Thuridilla and Elysia be retained resulting in
7

the loss of four generic level designations (Tridachiella, Tridachia, Elysiella and
Pattyclaya).
A few studies have used mitochondrial DNA sequence data to elucidate
relationships within the Opisthobranchia (Medina & Walsh, 2000; Thollesson, 1999).
Medina & Walsh (2000) examined evolutionary relationships in the clade Aplysiomorpha
and concluded that both of the mitochondrial ribosomal genes and the cytochrome c
oxidase subunit I gene were appropriate for resolution within the order and at the genus
or species level, respectively. Bass & Karl (2006) used the mitochondrial genes 16S and
cox 1 and the nuclear gene, Histone 3, to examine generic level divisions and found
sufficient resolution at the generic level.
In this study, molecules are used to reconstruct the evolutionary history of the
members of the family Placobranchidae. A hierarchical genetic diversity approach to the
delineation of taxonomic units is explored in an attempt to take advantage of the large
amount of information available with the use of genes such as cytochrome c oxidase
subunit 1 (cox 1), large ribosomal subunit (16S) and Histone 3 (H3). This type of
approach allows us to use the degree of divergence within the family as a yardstick for
taxonomic hierarchies (Bass & Karl, 2006). Although taxonomy is a human construct,
evolutionary history should not be neglected in our attempts to delineate hierarchical
levels. The utility of these three genes for phylogenetic reconstruction is tested using
more extant species within the family.
Molecular systematists have taken the approach of using single individuals and
few studies include information on within species variation of different genes (but see
Funk, 1999). While researchers hope that they are using a gene that is appropriate for the
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timing of divergence they are studying, there is oftentimes little information available to
assess this except the "performance" of a particular gene or genes in specific taxa (Lin &
Danforth, 2004). While complete taxon sampling of all described species is a vaunted
goal, it is not always an option for rare species such as sacoglossans. To overcome some
of the problems that can be associated with incomplete taxon sampling and to determine
the underlying distribution of variation in particular genes, multiple individuals were
sequenced for the various genes used in this study. In some cases, the sampling of
populations has been good in terms of multiple individuals from multiple locations (e.g.
Tridachia crispata) whereas in some species (e.g. Elysia obtusa and others) only one
individual was available for analysis. The goal was to develop an estimate of within
species variation where possible, keeping in mind the ultimate goal of identifying
relationships at higher levels. Ultimately, the utility of various genes for phylogenetic
studies and for population level studies within this group can be assessed. The
characteristics, in terms of nucleotide substitutions, relative rates of evolution among the
genes and saturation patterns also are explored.

MATERIALS AND METHODS
A total of 31 described and two unnamed species from Placobranchidae, two
species from Boselliidae, two species in a single genus from Limapontiidae and one
species from Oxynoidae (Table 1.1) were collected, anesthetized with MgCl2 and stored
in 95% EtOH. In Table 1.1 and throughout the text, Bouchet & Rocroi (2005)
nomenclature has been followed. The generic level designations prior to Gosliner (1995)
have also been used. Samples were collected between 2000 and 2005. Samples from a
9

minimum of two populations were collected for Elysia ornata, E. patina, E. subornata, E.
tuca, E. timida, Plakobranchus ocellatus, Thuridilla ratna and Tridachia crispata. Total
cell DNA was isolated from a small portion of the anterior end of the animal subjected to
a non-boiling chelex method (Walsh et al. 1991) and used in subsequent polymerase
chain reaction (PCR) amplifications of three genes. All treated samples were diluted with
1X TE (10 mM Tris, 1 mM EDTA; pH 7.5) and stored at -20°C.
Segments of two mitochondrial genes (~700 bp of cytochrome c oxidase subunit I
and ~450 bp of the large subunit RNA) and one nuclear gene (~380 bp of Histone 3) were
PCR amplified with primer pairs, respectively, LCO1490 5’-GGT CAA CAA ATC ATA
AAG ATA TTG G-3’ and HCO2198 5’-TAA ACT TCA GGG TGA CCA AAA AAT
CA-3’ (Folmer et al. 1994), 16Ssar 5’-CGC CTG TTT ATC AAA AAC AT-3’ and 16sa
5’-CTC CGG TTT GAA CTC AGA TC-3’ (Kessing et al. 1989), and H3F 5’-ATG GCT
CGT ACC AAG CAG ACV GC-3’ and H3R 5’-ATA TCC TTR GGC ATR ATR GTG
AC-3’ (Colgan, Ponder & Eggler, 2000). Amplification reactions (25 or 50 µL) consisted
of 1X buffer (Enzypol LTD., Denver, CO), 1.5 units of Enzypol Plus 2000 polymerase
(Enzypol LTD., Denver, CO), 0.2 mM each dNTPs, 3.0 mM MgCl2 (COI and 16S) or 1.5
mM MgCl2 (H3), 0.5 µM of each primer, 1.0 M Betaine, 0.12 µg/µL of bovine serum
albumen, and 2.0-4.0 µL of template. The cycling conditions for the cox 1 and 16S
primers consisted of 1 min. at 95°C followed by 35-45 cycles of 30 sec. at 95°C, 45 sec.
at 48°C, and 1 min. at 72°C with a final extension of 3 min. at 72°C. Cycling conditions
for the H3 primers consisted of 1 cycle of 4 min. at 95°C, 1 min. at 50°C, and 1 min. at
72°C, followed by 35 cycles of 45 sec. at 95°C, 30 sec. at 52°C, and 45 sec. at 72°C and a
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final extension of 3 min. at 72°C. A template free reaction was included for the detection
of contamination.
Amplicons were purified using sterile nanopure water and 30,000 MW Millipore
filters (Millipore Inc., Bedford, MA) or a QIAquick PCR purification kit (Qiagen, Inc.,
Valencia, CA). The mass of the amplicons was determined by comparing ethidium
bromide staining intensity of 2.0-5.0 µL of each purified reaction relative to a standard
mass DNA ladder (Invitrogen Life Technologies, Carlsbad, CA). Cycle sequencing
reactions (Amersham ET-Terminator Kit, Amersham Biosciences Corp., Biscataway, NJ)
were conducted with approximately 100 ng of purified PCR product according to
manufacturer's specifications and fluorescently labeled products were size sorted and
visualized using an ABI 310 Genetic Analyzer (Applied Biosystems, Inc., Foster City,
CA). The sequences from both strands of the amplicon were compared and edited (when
needed) using Sequencher (v4.1; Gene Codes Corp., Ann Arbor, MI). The 16S gene
region fragments were compared to previously aligned Aplysiomorpha secondary
structure using Seaview (Gaultier, Guoy & Gautier, 1996) and hyper-variable regions
where no one alignment appeared superior to another were excluded from further
analyses. The open reading frames for the cox 1 and H3 genes were used to aid in proper
alignment.
Where possible (samples available) three or more individuals were scored for the
16S and cox 1 genes (Table 1.1). For species where multiple individuals were sequenced
the following approach was taken to remove mtDNA haplotypes not deemed useful for
the family level analysis. If intra-specific 16S sequences differed at more than two
polymorphic sites, individual sequences were exported from Sequencher. All haplotypes
11

were used in a p-distance based NJ analysis to determine if haplotypes were
monophyletic. GenBank sequences from Aplysia californica, Ascobulla fragilis and a
Systellommatophora, Onchidella celtica, were included as outgroups (Table 1.1). Two
polymorphic sites were used as a cut off for inclusion in the NJ analysis, because this
small amount of variation should not result in non-monophyly of the haplotypes. For the
cox 1 fragments exhibiting more than two polymorphic sites within species, 74 individual
sequences representing 30 species (no cox 1 data for Elysia trisinuata), two unnamed
species, two species from Boselliidae and two species from Limapontiidae were used in a
NJ analysis. As with the 16S haplotypes, if cox 1 haplotypes were not monophyletic,
individuals were retained for further analysis. If the branches were as long as other
putative species, species designations were questionable or population sampling was
greater than or equal to five individuals then these individuals were also retained for
further analysis. In other cases, the deepest branch of the haplotype cluster was chosen
for further analysis.
To evaluate the relative divergence levels among taxa, the best-fit model of
evolution as selected in Modeltest using Akaike information criteria (v3.7; Posada &
Crandall 1998) was determined for both the mitochondrial DNA dataset, excluding
putative 3rd positions of the cox 1 fragment, and the nuclear DNA dataset. Putative third
positions of the cox 1 fragment were excluded after the indication of saturation as
evidenced by a non-linear relationship in a plot of the number of substitutions versus
uncorrected pairwise percent sequence difference. Individual species for which data were
missing in either of the mtDNA genes were excluded from the model selection and from
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divergence estimates. Estimates of divergence were generated using a maximum
likelihood estimator with PAUP* (v4.0b10; Swofford, 1998).
A Bayesian framework was used to assess relationships among the species of
interest (Mr.Bayes v3.1.2; Huelsenbeck & Ronquist, 2001, Ronquist & Huelsenbeck,
2003). All analyses were run in an MPI environment (Altekar et al., 2004) using the
Research Computing Core Facility (RCCF) at the University of South Florida. Three
separate analyses were conducted: 1) mtDNA data (16S and cox 1) 2) nuclear data (H3)
and 3) combined mtDNA and nuclear data. The mtDNA data were divided into 4
partitions: putative 1st, 2nd and 3rd codon positions of cox 1 and all positions of 16S,
except for hypervariable regions. For the mtDNA dataset, two model permutations were
tested 1) General time reversible and gamma distribution (GTR+G), by gene for 16S and
by position for cox 1 and 2) General time reversible with both invariant sites and sites
following a gamma distribution (GTR+I+G), by gene for 16S and by position for cox 1
gene. For the nuclear dataset, two models were also tested 1) GTR+I+G, by position and
2) GTR+G, by position. A general model for by gene for Histone 3 was not tested
because of the improvement in likelihood scores when analyzing protein data by position
(Shapiro, Rambaut & Drummond, 2005). The most appropriate model of evolution was
selected by applying a likelihood ratio test (2ΔLnL tested with a Χ2 distribution;
Felsenstein, 1988) to the maximum likelihood scores post-"burnin." The model
conditions selected under these separate analyses were then used to define the model for
the combined dataset. In all Bayesian searches, two runs of 1,000,000 generations were
conducted simultaneously and sampled every 1,000 generations. To assess convergence
of the MCMC sampling runs, the average standard deviation of the split frequencies of
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the two runs was inspected and if greater than 0.01, an additional one million generations
were run. This process was repeated until the average standard deviation of the split
frequencies of the two runs was less than 0.01. To determine the “burnin” number, the
parameters of all individual runs were summarized and the initial runs below the
asymptote were discarded. In general, only the last 1000 samples of generations from
both runs were used to determine parameter and posterior probability values. In addition
to assessing convergence during the analysis, the chain swap information for each
individual run was examined and if the proportion of successful state exchanges between
chains was between 10 and 70%, then convergence within the individual runs was
assumed. Model parameters, proportion of invariant sites, gamma distribution and
nucleotide substitution rates, were estimated independently for each dataset using Mr.
Bayes values of four chains and 0.1 for the chain temperature parameter. Multiple runs
starting from random trees were conducted to verify convergence. Levels of support for
nodes were considered high if the posterior probability value (ppv) was > 95, moderate if
between 80-94 and low if < 79. To determine the relative rates of evolution of the three
genes, a separate Bayesian analysis of one million generations was conducted on the
combined dataset using a GTR plus site-specific rate (SSR) model (Lin & Danforth,
2004, Danforth, Lin & Fang, 2005).
Maximum parsimony analysis as implemented in PAUP* (v4.010b; Swofford,
1998) was also used for phylogeny reconstruction primarily to apply transversion
parsimony to significantly saturated sites (Woese et al., 1991). An incongruence length
difference (ILD) test as implemented in PAUP* was conducted to determine if the data
could be combined into a single maximum parsimony analysis (Farris et al., 1994,
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Swofford, 1998). A heuristic search including 300 random stepwise-additions with TBR
was run on both the combined dataset and a combined dataset with transversions of cox 1
coded as "RY" (Phillips & Penny, 2003). Bootstrap support for individual nodes was
generated from 100 replicates using a full heuristic search (Felsenstein, 1985).
A hard polytomy in phylogenetic reconstructions indicates multiple, simultaneous
speciation events while soft polytomies are caused by the lack of unambiguous
characters. To explore the issue of a hard or soft polytomy using Bayesian analysis, a
limited set of taxa was run to see if significant phylogenetic structure was present. In this
analysis, taxa were chosen based on the resolution of terminal clades found in a
combined data analysis. A Bayesian analysis using the shortest branches from resolved
clades was used to test if there was significant phylogenetic information present to
resolve the polytomy. If significant phylogenetic resolution is indicated, then a
significant number of characters are available for phylogenetic reconstruction. If no
significant phylogenetic resolution is found, then sufficient phylogenetic characters are
not available for resolution at this level. If significant phylogenetic resolution is
indicated then two scenarios are possible 1) long branch subdivision by multiple
successive branches and 2) a hard polytomy. A second Bayesian analysis using the
longest branch was chosen to test if short branches in the combined analysis are dividing
multiple long branches. If significant structure is indicated then multiple successive
branches are dividing long branches. If no significant structure is indicated then a hard
polytomy cannot be rejected.
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RESULTS
Variation at the individual level
For six species, no variation among 16S sequences was identified and for 10
ingroup species only one individual was available for analysis. In 12 species, one or two
polymorphic sites were identified among individuals and one individual was chosen
based on maximum sequence length or randomly if sequence length did not differ. In six
cases, individuals exhibited more than two polymorphic sites and multiple geographical
locations were sampled; therefore, multiple individuals were used in the NJ analysis.
This process resulted in the selection of 56 individual sequences representing 31
described species within Placobranchidae, two unnamed species, two species from
Boselliidae two species from Limapontiidae and one species of Oxynoidae for the NJ
analysis of 16S. If the haplotypes did not cluster, they were retained for further analysis.
The resulting list of individuals retained from inspection of both the 16S and cox
1 haplotypes was mostly concordant, i.e. deepest lineage, in all comparisons. In one case,
the deepest branch of the cox 1 NJ tree did not coincide with the same individual in the
16S analysis (populations of Tridachia crispata). In two other cases where the deepest
lineage was not concordant, Elysiella pusilla and Elysia chlorotica, the cox 1 sequence
fragment was shorter or 16S sequence data were not available for that individual.
A total of 1165 nucleotides (16S: 535 nt aligned and cox 1: 630 nt) were
concatenated for all individuals selected in this process resulting in 56 individual
sequences (59 including outgroups). Two regions comprising a total of 87 positions of
the 16S alignment were highly variable and were excluded. These individuals were then
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used in a Bayesian analysis (1.5 million generations) to confirm the monophyly of
selected haploptypes.
Less variation within species was identified in the H3 sequences. For 19 species,
only one individual was sequenced. For 16 species where multiple individuals were
sequenced the majority of cases (10/16) resulted in more than one polymorphic site and
these individuals were used in the analysis. A total of 321 nucleotides was aligned
(Aplysia californica, AY064472, as a reference sequence) from 47 individuals,
representing 31 species of Placobranchidae, one unnamed species, two species of
Boselliidae, two species of Limapontiidae and one species of Oxynoidae. A
representative of the Systellommatophora, Onchidium sp., was also included and
designated as the outgroup. Within the 31 species of Placobranchidae, data from multiple
populations were included. For example, for Plakobranchus ocellatus, of the three
individuals sequenced two were from Hawaii, the third was from Guam and three
polymorphic sites were identified in sequences from these two locations. The only
population samples not represented in the analysis are for Elysia tuca. H3 was
successfully amplified and sequenced from two individuals from the Florida Keys only.
Saturation tests for protein coding genes
Saturation by position was examined for the cox 1 and H3 gene using uncorrected
p-distances and absolute differences. No evidence of saturation was found for 1st and 2nd
positions of either gene. To assess saturation at 3rd positions, uncorrected p-distances for
3rd position transversions were plotted against the uncorrected p-distances for all
positions and saturation in both genes was indicated by the asymptotic curve (Figure
1.1A and 1.1B). When 3rd position transitions and transversions were plotted individually
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there was an indication of non-saturation of transitions at various taxonomic levels. In
467 of 1540 comparisons involving the cox 1 gene and in 1042 of 1176 comparisons
involving the H3 gene no saturation was indicated in terms of transitions versus
transversions. For the cox 1 gene most of these non-saturated cases involved intraspecific level comparisons, but some also involved upper level comparisons. For the H3
dataset where the number of transversions was greater than transitions i.e. saturation (134
comparisons), no clear pattern indicating which taxonomic level this was occurring at
was available. In most cases, the comparisons involved deeper taxonomic levels, such as
ordinal, but there were shallower levels represented as well.
Divergence levels
Divergence levels were estimated in multiple ways. Intra-specific divergence of
the 16S and cox 1 datasets were determined both independently and in the concatenated
format. The overall average intra-specific divergence in 16S alone was 0.0211 + 0.0172
(range: 0.0000 - 0.0527) based on a Transversional model with invariant sites and sites
following a gamma distribution (TVM+I+G) as selected by AIC in Modeltest (Table 1.2).
For the cox 1 estimate of divergence based on a Transitional model with invariant sites
and sites following a gamma distribution (TIM+I+G) as selected by AIC in Modeltest, all
positions were included in the analysis as saturation was not an issue at the within species
level. The overall intra-specific divergence was 0.0329 + 0.0388 (range: 0.0035 0.1098). Taxonomic levels higher than intra-specific level were not examined using the
individual data sets due to apparent saturation of 3rd positions in cox 1.
The overall model of evolution for the mtDNA dataset was GTR+I+G (Table
1.2). Average estimates of divergence were generated at various taxonomic levels
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ranging from intra-specific to between clades (Table 1.3). Because of the impact of
missing data (significant inflation of divergence estimate), no estimate of divergence is
available for Oxynoidae versus other sacoglossan families and Elysia trisinuata was not
included because of the lack of cox 1 data. Unnamed species were also removed from
this analysis. The average intra-specific divergence, d = 0.0135 + 0.0080 (range: 0.0027
- 0.0304), is less than the estimate derived from cox 1 alone, which is not surprising as 3rd
positions were not included in this estimate. Inter-generic, d = 0.0909 + 0.0162 (range:
0.0546 - 0.1175), and inter-familial, d = 0.2383 + 0.1084 (range: 0.0975 - 0.3672)
averages were different, but the ranges of divergence are overlapping. Average
divergences plus the standard deviation at various taxonomic levels are presented in
Figure 1.2. For the mtDNA dataset, there is clear concordance between taxonomic level
pre-Gosliner (1995) and divergence estimates up to the family level. At this taxonomic
level and above, the divergences are not congruent with taxonomy (Figure 1.2).
Although 3rd positions of Histone 3 are saturated, these positions could not be
deleted to generate a model of evolution. Few (0-1) changes occur at 2nd position of
Histone 3 resulting in highly skewed estimates of the reverse matrix of nucleotide
changes. Therefore, all positions were used to generate a GTR+I+G model of evolution
(Table 1.2). For the majority of intra-specific comparisons, the divergence level was less
than 1%, except for Elysia ornata and Plakobranchus ocellatus, with the overall d =
0.0117 + 0.0072 (range: 0.0045 - 0.0238) (Table 1.4). Inter-generic comparisons within
the Placobranchidae, average d = 0.1942 + 0.0498 (range: 0.1014 - 0.2494), and interfamilial comparisons, average d = 0.2674 + 0.0487 (range: 0.2098 - 0.3240), exhibited
overlap in terms of their ranges. When average divergences and standard deviations are
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placed in a comparative context (Figure 1.3), less concordance is indicated as with the
mtDNA dataset (Figure 1.2). With Histone 3, the concordance to taxonomic level breaks
down at the generic level.
Phylogeny
From the Bayesian analyses of GTR+G and GTR+I+G models applied to the
concatenated mtDNA dataset, the latter model was chosen based on a likelihood ratio test
(LR = 17.44; df = 3, P < 0.05). Because of discrepancies among studies as to the sister
group of the Sacoglossa (but see Grande et al., 2004) or complete lack of resolution
found by some authors (Dayrat & Tillier, 2003) the choice of outgroup was unclear,
although Systellommatophora appeared to be basal in most gene trees (Grande et al.,
2004; Vonnemann et al., 2005). Initially, multiple opisthobranchs were used to assess the
impact and resolution of alternative outgroups. The mtDNA analysis resulted in a
polytomy between all other opisthobranchs and the Sacoglossa. Subsequently, members
of Systellommatophora and Aplysiomorpha were used because Histone 3 data were
available for these taxa. Mitochondrial DNA supported the monophyly of the Sacoglossa
used in all analyses when Systellommatophora or Aplysiomorpha was designated as an
outgroup as did the use of Ascobulla fragilis and Oxynoe antillarum (Figure 1.4).
For the H3 dataset a GTR+I+G by position model was chosen based on a LR test
(LR = 54.84, df = 3, P < 0.05). No topological differences were noted in the phylogenies
from the GTR+G and GTR+I+G models. Figure 1.5 illustrates the lack of resolution at
deeper nodes among the operational taxonomic units (OTUs) examined. There is support
for some nodes within the phylogeny such as the relationships within the clade
comprising the tridachids and E. canguzua, E. serca, E. chlorotica, and E. viridis.
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The mitochondrial DNA dataset provided better albeit incomplete phylogenetic
resolution (Figure 1.4). Most of the congruence among the mitochondrial and nuclear
phylogenies is observable at the species level. For example, both phylogenies recovered
the clade comprising the tridachids plus Elysia canguzua, E. serca, E. chlorotica and E.
viridis. In this instance, Histone 3 provided more resolution than the mitochondrial
genes. The clade comprising E. ornata, E. rufescens, E. obtusa, E. trisinuata, E. cf.
japonica and Elysia sp. 42 was also recovered in both phylogenies. The position of E.
nigrocapitata differed in that it grouped, albeit at lower posterior probability values
(ppv), with another clade in the Histone 3 phylogeny. Beyond these clades, the only
other congruencies noted are at the population level.
Nucleotide substitution patterns and relative rates
The proportion of nucleotides (including 95% confidence intervals) from the
GTR+I+G by gene model illustrate an AT bias in both mitochondrial genes when
compared to the nuclear protein coding gene (Table 1.5, Figure 1.6A). The composition
of the ribosomal and protein coding genes are similar except for differences in A and T.
The AT bias in mitochondrial DNA is also apparent when protein coding genes are
compared by position (Figure 1.6B). Third positions of cox 1 are strongly AT biased,
accounting for 80% of the nucleotides. This AT bias is also observed in 1st and 2nd
positions but is not as strong relative to 3rd positions. The nuclear protein coding gene
exhibits a significantly lower proportion of AT at 3rd positions with T higher than A. At
1st and 2nd positions there is a reversal of this trend with more As than Ts, but is
significantly different, as indicated by the 95% confidence intervals, only for 1st
positions.
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The relative rate of evolution (including 95% confidence intervals) generated
using GTR + SSR by gene and by position models, indicated that both mitochondrial
genes are faster than the nuclear protein coding gene (Figure 1.7A & B). The 3rd
positions of the cox 1 gene, which exhibit the highest relative rate of mutation when
compared to all other positions, appears to be driving this difference in relative rate for
the cox 1 gene (Figure 1.7B).
Both mitochondrial genes exhibit highly skewed transition to transversion bias
when the relative rates of the substitution matrix determined for each gene are examined
(Figure 1.8). The nuclear protein-coding gene also exhibits a transition to transversion
bias, but not as high as in the mtDNA dataset.
The alpha shape (α) of the gamma parameter ranged from 34.12 - 98.02 for 2nd
positions in both protein coding genes and 1st positions in the nuclear protein-coding gene
(Table 1.5). All three estimates exhibited large 95% confidence intervals (Table 1.5).
These large shape estimates illustrate the highly skewed nature of among site rate
variation for these positions of the protein coding genes (Table 1.5). This lack of
variation also is evidenced in the estimates of proportion of invariant sites (Pinvar),
which are high for these same positions. The skewed nature of alpha impacts the
switching among the chains during the Monte Carlo Markov Chain searches as different
peaks in the posterior are explored.
Total evidence phylogeny
Using the model settings based on the separate analyses of mitochondrial and
nuclear datasets, the combined Bayesian analyses yielded a phylogeny highly supported
at various nodes (Figure 1.9). The addition of the Histone 3 data did not yield any further
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resolution of the mtDNA phylogeny (Figure 1.4) at deeper nodes (red line polytomy,
Figure 1.9) nor did the exclusion of significantly saturated sites, 3rd positions of cox 1
(tree not shown). Three main divisions were detected in the samples examined herein.
Oxynoe antillarum and Ascobulla fragilis formed a more basal, monophyletic group
representing the suborder Oxynoacea. The representatives of the superfamily
Limapontioidea, Costasiella kuroshimae and C. ocellifera, also formed a separate and
monophyletic clade. Finally, a monophyletic superfamily Placobranchoidea was
identified containing Boselliidae and Placobranchidae. Members of the family
Platyhedylidae were not available for analysis and are the only remaining member of the
superfamily Placobranchoidea. Within the Placobranchidae, two major clades with high
(Elysia) and moderate (Plakobranchus/Thuridilla) posterior probability values were
identified. Both the mtDNA data and combined analysis indicated a separation between a
Plakobranchus/Thuridilla clade and the remaining placobranchids (Figures 1.2 and 1.9).
Within the Plakobranchus/Thuridilla clade, the nuclear data enhanced the separation of
Plakobranchus from the thuridillids (Figure 1.9). Although relationships among
thuridillid species were not resolved, there was a close affinity among Thuridilla undula,
T. bayeri and T. ratna. As suggested by Gosliner (1995), Thuridilla bayeri is likely a
color variant of Thuridilla ratna thus the retention of Thuridilla bayeri as the senior
synonym. The divergence between Thuridilla undula and Thuridilla bayeri is not very
large, but the two are consistently separated in all analyses. Thuridilla hoffae
consistently groups with Thuridilla carlsoni and supports Gosliner's (1995) species
designation.
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Within the other major clade, resolution at deeper nodes was lacking or low even
with the addition of the Histone 3 data (Figure 1.9). In both analyses (mtDNA and
combined), a polytomy (red line) was observed with significant resolution both above
and below the polytomy. In addition to the larger and more interior polytomy within the
elysiids, there was another polytomy among Elysia ornata and Elysia rufescens (blue
line). Of the nodes leading to the blue and yellow shaded clades (see Figure 1.13), only
the yellow clade basal node is highly supported. The blue clade and the node joining
these two clades exhibit low ppv support. Both clades represent population and species
level differences. In the blue clade, the position of Elysia nigrocapitata differs from the
mtDNA analysis in that it groups with species from both the Atlantic and Pacific.
Bosellia marcusi appears to have an affinity for this group although the ppv is low.
Elysia pratensis always groups with E. subornata suggesting a recent separation between
these two species. Elysia cf. atroviridis appears to be a specimen of Elysia setoensis as
their differences are minimal. In the yellow clade, there is a highly supported break
between two groups representing Elysia trisinuata and Elysia cf japonica. This is an
interesting clade as it encompasses a non-monophyletic Elysia ornata. Elysia sp. 10
unequivocally groups with Elysia ornata from French Polynesia suggesting that the
observed external morphological variation is simply population level variation. The
Histone 3 data pulls Elysia cf. japonica out of an affinity for Elysia ornata from Japan as
exhibited in the mtDNA phylogeny (Figure 1.4). The position of Elysia rufescens in both
analyses is surprising, but suggests that this species is also a member of an Elysia ornata
complex. Elysia sp. 42 is always aligned with Elysia trisinuata, but the identity of this
species is unknown at this time. The white clade (see Figure 1.13) consisting of Elysia
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patina and E. papillosa forms a moderately-supported clade. Although there is some
indication of an affinity between E. bennettae and populations of E. tuca, this relationship
is associated with low ppv and in some analyses E. pusilla is sister to E. tuca. The silver
clade (see Figure 1.13) is composed of other members of the genera Elysia and a highlysupported grouping of Tridachiella and Tridachia.
An ILD test indicated that the length of trees from the three genes were not
significantly heterogeneous; therefore, the data were combined into a single maximum
parsimony analysis. A heuristic search yielded six most parsimonious trees of length
4161. A total of 530 parsimony informative and 73 uninformative characters were used
in this reconstruction. A comparison to one million random trees indicated significant
phylogenetic information (g1 = -0.5719; Hillis & Huelsenbeck, 1992). A strict consensus
of the six most parsimonious trees resulted in a topology that contained the same
polytomy as recovered in the Bayesian analysis. Minor differences occurred in the
placement of three taxa, Elysiella pusilla, Elysia bennettae and Elysia nigrocapitata. A
second MP analysis was conducted on the "RY" coded 3rd positions of cox 1. This
heuristic search yielded 12 most parsimonious trees from 464 parsimony informative and
76 parsimony uninformative characters. Again, a comparison to one million random
trees indicated significant phylogenetic information with the exclusion of silent
transitions at 3rd positions of cox 1 (g1 = -0.5160). The strict consensus of the 12 trees
recovered polytomies at terminal positions of the tree (Elysia ornata + Elysia rufescens;
Figure 1.11). All other nodes were resolved but there was low bootstrap support for the
resolutions. In this analysis, only the position of Elysia nigrocapitata was different from
what was found in the Bayesian analysis besides those clades/taxa involved in the
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Bayesian polytomy. The numbers of unambiguous changes are indicated in Figure 1.12.
The branches involved in the polytomy are short with numbers of changes ranging from
19-21 (red lines) and 18-31 (green lines). The low number of unambiguous changes
suggests either of two situations: 1) insufficient number of characters available or 2)
simultaneous branching. Because of the inability of MP to fully utilize information at
this level, a Bayesian approach was used to test these hypotheses.
To test if the indication of simultaneous branching was a result of insufficient
characters to resolve the polytomy, a subsampling of taxa was conducted using the
shortest branches in resolved clades. The results of this analysis indicated no significant
structure in the region of interest. In this analysis, the polytomy involved Plakobranchus
ocellatus, which had not been implicated in the polytomy previously. Significant
structure was again detected at interior nodes and below the polytomy (tree not shown).
A uniform clock was enforced and a clock like model of evolution could not be rejected
for this limited analysis (LR = 17.64, df = 13, p < 0.05).
Although the hypothesis of insufficient phylogenetic characters cannot be
eliminated, the second set of hypotheses using the longest branches from resolved clades
was tested. The Bayesian analysis of limited taxa with long branches yielded no
significant support for the nodes in question (Figure 1.13). The branch lengths associated
with these nodes are small compared to those for the other branches within the tree
confirming the previous hypothesis testing regarding presence of significant characters
for resolution of the polytomy. The average length of nodes 1-5 (0.0428 + 0.0113, range
= 0.0273 - 0.0559), which comprise the major polytomy in the combined phylogeny, is
not significantly different from the average length of nodes 6-8 (0.0479 + 0.0120, range =
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0.0341 - 0.0551) which have lineages involved in the second polytomy among the
thuridillids. Fully resolved nodes (9-14) do have a higher average length (0.1616 +
0.0664, range = 0.0799 - 0.2551). The relationships depicted in this limited taxa analysis
are generally the same as that recovered using all taxa except for Tridachia crispata from
the Florida Keys (FK) + Elysia subornata and Plakobranchus ocellatus from Guam (GU)
+ Thuridilla hoffae. The terminal branches in Tridachia clarki FK + Elysia subornata are
two of the longest in this group with only the terminal branch leading to Elysia sp. 42
being longer. In the case of Plakobranchus ocellatus GU + Thuridilla hoffae, the
terminal branches are the longest in this clade (Figure 1.13). The application of a
molecular clock to this subsampling of taxa was tested using a uniform clock setting in
MrBayes to determine if the relative rates were homogenous across taxa. The application
of a uniform clock to these taxa was rejected (LR=37.58, df=16, p > 0.01) indicating
heterogeneous rates of evolution among lineages.

DISCUSSION
Divergence levels among taxonomic categories and within species variation
As in previous studies (Bass & Karl, 2006), an attempt was made to assess
congruence among divergence levels and current taxonomy within the Placobranchidae.
The approach used here involved separate analyses of mitochondrial DNA and nuclear
DNA. When the data were combined and 3rd positions of cox 1 were excluded after
evidence of saturation, the range of divergences for within species was 0.2-3.0% (average
d, Table 1.3). These estimates of divergence are not comparable to the estimates based
on individual genes alone because they are generated from a model average process and
27

involve the exclusion of sites. This model average approach was taken so that overall
estimates of mitochondrial DNA variation could be determined and compared among
various taxonomic levels. Although a strict clock-like model of evolution does not fit the
mitochondrial or nuclear gene sequences, an examination of sequence divergence within
the surveyed taxa is still useful as a check of association between taxonomy and
divergence. For the mitochondrial DNA, congruence among taxonomic levels and
estimates of divergence was strong up to the family level (Figure 1.2). For Histone 3, the
divergence within species ranged from 0.6-2.3% (average d, Table 1.4) and congruence
among taxonomic levels quickly degraded above the species level reflecting the limited
use of Histone 3 as an indicator of taxonomic level. This pattern is likely a result of
constraints on changes in Histone 3 sequences. For example, while 3rd positions of
Histone 3 exhibited mild saturation (Figure 1.1B), little to no variation was present in
first and second positions.
While H3 does not yield a strong concordance between taxonomic level and
degree of divergence, the mitochondrial DNA does provide a good yardstick for
assessing taxonomy within the Placobranchidae. The levels of divergence among the
genera as recognized prior to Gosliner (1995), are relatively consistent in terms of
equivalent degrees of divergence. An examination of the branching patterns and clades
in the phylogeny, however, does not support all of the generic level classifications. To
illustrate, a close examination of the silver clade (Figure 1.13) is useful. This clade
contains three different genera, Elysia, Tridachiella and Tridachia. Because the blue
clade containing Elysia timida, the original generic description (Risso, 1818), would be
designated as the Elysia genera, the requirement of using the basal genus in the remaining
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clades is now obsolete. The two available genera within the silver clade are Tridachiella
McFarland, 1924 and Tridachia Deshayes, 1857. If the older of these two genera is
acceptable based on nomenclatural rules, then all members of this clade would change to
the Tridachia genus. For the yellow clade, again the basal genus is obsolete and the
oldest generic name Thallepus Swainson, 1840 (type species, Thallepus ornatus
Swainson, 1840 is considered equivalent to Elysia ornata) would be the genus for this
clade, if the name is valid. The designation of genera for the remaining clades (white and
green) and Elysiella pusilla is unclear, as only the green clade is well supported and all
are part of the polytomy. New genera may be needed to accommodate these groups.
Phylogeny of the Placobranchidae and associated families
Although the genes used here do not fully resolve phylogenetic relationships
within the Placobranchidae, there are interesting findings that may help to decipher some
of the taxonomic confusion. The taxonomy does not appear to reflect the evolutionary
history within the family. Sacoglossans, however, do form a monophyletic group in
relation to Systellommatophora and Aplysiomorpha (Vonneman et al., 2005) and the taxa
representing Placobranchoidea and Limapontiodea form monophyletic groups (Jensen,
1996; Mikkelson, 1998). Within the Placobranchidae, two monophyletic groups are
recognized representing Plakobranchus + Thuridilla and the remaining members of the
Placobranchidae (Gosliner, 1995). The genus Elysia is paraphyletic, but how best to
resolve this issue is not clear based on these data. If the clades illustrated in Figure 1.13
are valid, then the generic names Thallepus Swainson, 1840 and Tridachia Deshayes,
1857 should be resurrected and new generic names for the remaining clades should be
developed.
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External morphology is not a good indicator of the degree of divergence among
taxa and in some cases is positively misleading as to species identification (e.g. Elysia
setoensis and Elysia cf. atroviridis). Bosellia marcusi is actually a member of the
Placobranchidae and therefore should be renamed Elysia marcusi. The morphological
similarity to members of the genus Bosellia is likely an example of convergence in body
form.
The recently named Tridachia clarki (Pierce et al., 2006) renders Tridachia
crispata a paraphyletic group. If this is a valid species, then the populations in Belize and
USVI should be considered species. If the DNA sequence divergence for Tridachia
clarki indicates specific status, then all terminal nodes except for Elysia cf. atroviridis,
Elysia sp. 10, and E. rufescens from Hawaii are separate species. Elysia tuca from the
Florida Keys and the Bahamas are distinct from Elysia tuca from the Gulf of Mexico and
the two specimens of Elysia papillosa from the Bahamas are separate species. Within the
thuridillids, Thuridilla bayeri is a valid species and Thuridilla ratna from Guam and T.
ratna from the Philippines are valid species contrary to the findings of Gosliner (1995).
In accordance with the above statements, Plakobranchus ocellatus from Hawaii and
Guam are separate species, which has been suggested by Jensen (1992). Specimens
designated as Elysia timida from the Florida Keys and the Bahamas may represent Elysia
cornigera Nuttall, 1989 as indicted by the divergence between the Mediterranean and
Western Atlantic specimens (2.1%) and following the designation of species as described
above.
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Gene performance in phylogenetic reconstruction
Although the individual gene models used to estimate the relative rates of
evolution among genes are different from the single model used to estimate percent
sequence divergence, they are important for assessing the utility of individual genes for
phylogenetic inference (Figure 1.7A). The mitochondrial genes exhibited higher relative
rates of evolution than Histone 3 providing independent corroboration of the limited use
of Histone 3 for the examination of divergence estimates. The highly asymmetrical
instantaneous rate matrices of the mitochondrial genes also highlight the issue of
homoplasy associated with the observed transition bias. Among the three genes
transversion rates are comparable yet fewer in number; therefore, contributing to the lack
of phylogenetic signal among species of placobranchids. The ratio of nonsynonymous
and synonymous substitutions for cox 1 (0.0038) and Histone 3 (0.0034) are less than one
indicating purifying selection (Rand, 2001). The lack of variation of amino acid
substitutions in cox 1 and Histone 3 and low dN/dS ratios suggest the limited use of these
genes for phylogeny reconstruction. The large proportion of invariant sites in 1st and 2nd
positions of cox 1 and H3 indicate their low performance in phylogenetic reconstruction
within this family.
Alpha values, which indicate the shape of the gamma distribution, for individual
genes can be used as quality indicators of performance in phylogenetic reconstruction
(Lin & Danforth, 2004). Lin & Danforth (2004) in an extensive review of insect studies
using mitochondrial protein coding genes found a correlation between high alpha values
and consistency indices suggesting that high values yield better performance in
phylogeny reconstruction. For mitochondrial genes, estimates of alpha less than one
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yield consistency indices ranging from 0.1 - 0.45 and alpha estimates from 2 - 3 do not
significantly improve consistency in finding the correct tree. For nuclear exons,
estimates of alpha from 0 - 1 yield consistency indices less than 0.45 and only at alpha
values approaching two are consistency indices greater than 0.50 but never greater than
0.65. In this study, alpha values estimated for individual genes are low (16S, α = 0.2856;
cox 1, α = 0.2982; H3, α = 1.6414) and fall into the region of low consistency in
phylogenetic reconstruction.
Whether these similarities to mitochondrial and nuclear evolutionary patterns in
insects are due to general properties of organellular and nuclear DNA evolution or due to
similarities in life history aspects of sacoglossans and insects cannot be determined here.
There are some similarities in life-history aspects such as short generation times and
reported feeding specificity.
The concatenated dataset while providing greater resolution to the phylogenetic
relationships among species (Figure 1.9) did not resolve the deeper internal phylogeny
thus prompting the question of whether this is a hard or soft polytomy? The results from
the Bayesian hypothesis testing described here indicated that insufficient variation exists
to resolve the polytomy detected in this analysis. Further analysis of nuclear introns or
nuclear ribosomal genes may determine branching patterns at this level.
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Table 1.1: List of species used in the phylogenetic analysis. Letter abbreviations for location are used in figures for clarity.
Accession number and number of individuals screened (in parentheses) for each haplotype of a given gene is shown. Single
accession numbers accompanied by multiple individuals indicates that all individuals shared the same haplotype.
Taxonomic Units
Clade Sacoglossa
Subclade Placobranchacea
Superfamily Placobranchoidea Gray, 1840
Family Boselliidae Ev. Marcus, 1982
Bosellia marcusi Ev. Marcus, 1972
Bosellia mimetica Trinchese, 1891
Family Placobranchidae Gray, 1840
Elysia cf. atroviridis Baba, 1955
Elysia bennettae Thompson, 1973
Elysia canguzua Marcus, 1955
Elysia chlorotica Gould, 1870
Elysia nigrocapitata Baba, 1957
Elysia obtusa Baba, 1938
Elysia ornata Swainson, 1840
Elysia patina Marcus, 1980
Elysia papillosa Verrill, 1901
Elysia pratensis Ortea & Espinosa, 1996
Elysia rufescens Pease, 1871
Elysia serca Marcus, 1955
Elysia setoensis Hamatani, 1968
Elysia subornata Verrill, 1901
Elysia timida Risso, 1818
Elysia trisinuata Baba, 1949
Elysia tuca Marcus & Marcus, 1967

Location

16S

Cox 1

Histone 3

Bahamas (BA)
Bahamas (BA)

DQ480191 (1)
DQ480202-203 (2)

DQ471254 (1)
DQ471212-215 (4)

DQ534783 (1)
DQ534793 (1)

Japan (JP); Okinawa
Guam (GU)
USA: Florida
USA: Massachusetts
Japan (JP): Okinawa
Japan (JP): Okinawa
French Polynesia (FP);
Philippines (PH); Japan (JP)
USA: Florida (FK)
Bahamas (BA)
Bahamas(BA)
Guam (GU); Hawaii (HA)
Bahamas (BA)
Japan (JP): Okinawa
USA: Florida (FK)
Bahamas (BA); France (Med);
USA: Florida (FK)
Japan (JP): Okinawa
Bahamas (BA); USA: Florida
(FK), Tarpon Springs (GOM)

DQ480164 (1)
DQ480183 (2)
DQ480196 (3)
DQ480200 (3)
DQ480175 (3)
DQ480182 (1)
DQ480177-181 (5)

DQ471257 (1)
DQ471216-217 (2)
DQ471218-220 (3)
DQ471221-222 (3)
DQ471226-228 (3)
DQ471259 (1)
DQ471260-264 (5)

DQ534764 (1)
DQ534778 (3)
DQ534787 (1)
DQ534791 (1)
DQ534771 (1)
DQ534777 (1)
DQ534773-776 (4)

DQ480189-190 (2)
DQ480187-188 (2)
DQ480162 (1)
DQ480171-172 (2)
DQ480192 (3)
DQ480163 (3)
DQ480165 (9)
DQ480166-169 (6)

DQ471229-230 (5)
DQ471231-232 (2)
DQ471258(1)
DQ471237-238 (2)
DQ471242-244 (3)
DQ471239-241 (3)
DQ471283 (26)
DQ471245-248 (4)

DQ534782 (5)
DQ534780-781 (2)
DQ534762 (1)
DQ534768 (1)
DQ534784 (2)
DQ534763 (1)
DQ534765 (1)
DQ534766-767 (2)

DQ480174 (1)
DQ480184-86 (5)

DQ471249-251 (3)

DQ534770 (2)
DQ534779 (2)
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Table 1.1: (Continued).
Taxonomic Units
Elysia viridis Montagu, 1804
Elysia sp. 10
Elysia sp. 42 (Elysia sp. 2 on forum)
Elysia cf. japonica Eliot, 1913
Elysiella pusilla Bergh, 1872
Elysia clarki
Tridachia crispata Mörch, 1863
Tridachiella diomedea Bergh, 1894
Thuridilla bayeri Marcus, 1965
Thuridilla carlsoni Gosliner, 1995
Thuridilla hoffae Gosliner, 1995
Thuridilla livida Baba, 1955
Thuridilla neona Gosliner, 1995
Thuridilla ratna Marcus, 1965
Thuridilla undula Gosliner, 1995
Thuridilla vatae Risbec, 1928
Plakobranchus ocellatus van Hasselt,
1824
Superfamily Limapontioidea Gray, 1847
Family Limapontiidae Gray, 1847
Costasiella kuroshimae Ichikawa, 1993
Costasiella ocellifera Simroth, 1895
Subclade Oxynoacea
Family Oxynoidae Stoliczka, 1868
Oxynoe antillarum Mörch, 1863
Family Volvatellidae Pilsbry, 1895
Ascobulla fragilis Jeffreys, 1856

Location
Portugal
Guam (GU)
Guam (GU)
Guam
USA: Hawaii (HA)
USA: Florida (FK)
Bahamas (BA); Belize (BE);
Virgin Islands (USVI)
Costa Rica
Guam (GU)
USA: Hawaii (HA)
Guam (GU)
Guam (GU)
USA: Hawaii (HA)
Guam (GU); Philippines(PH)

16S
DQ480195 (3)
DQ480170 (2)
DQ480173 (1)
DQ480176 (1)
DQ480201 (2)
DQ480197 (1)
DQ480198-199 (2)

Cox 1
DQ471211 (3)
DQ471282 (1)
DQ471256 (1)
DQ471255 (1)
DQ471233-236 (4)
DQ471225 (3)
DQ471223-224 (7)

DQ480193-194 (2)
DQ480207 (2)
DQ480214 (2)
DQ480213 (1)
DQ480211 (3)
DQ480209 (2)
DQ480206 & 208
(3)
DQ480210 (1)
DQ480212 (1)
DQ480204-205 (3)

DQ471265 (1)
DQ471271-272 (2)
DQ471273-274 (2)
DQ471266 (1)
DQ471275-276 (2)
DQ471280-281 (3)
DQ471277-279 (3)
DQ471267 (1)
DQ471268 (1)
DQ471269-270 (3)

DQ534785 (1)
DQ534797 (1)
DQ534804 (2)
DQ534803 (1)
DQ534801 (2)
DQ534799 (2)
DQ534796 & 798
(2)
DQ534800 (1)
DQ534802 (1)
DQ534794-795 (3)

Guam
Bahamas

DQ480215 (1)
DQ480216 (1)

DQ471252 (1)
DQ471253 (1)

DQ534805 (1)
DQ534806 (1)

USA: Florida

DQ480217 (2)

Philippines (PH)
Guam (GU)
Guam (GU); USA: Hawaii
(HA)

AY098929
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Histone 3
DQ534786 (2)
DQ534769 (1)
DQ534772 (1)
DQ534792 (3)
DQ534788 (1)
DQ534789-790 (4)

DQ534807 (2)
AY345022

Table 1.1: (Continued).
Taxonomic Units
Clade Aplysiomorpha [=Anaspidea]
Family Aplysidae Lamarck, 1809
Aplysia californica Cooper, 1863
Clade Systellommatophora [=Gymnomorpha]
Family Onchidiidae Rafinesque, 1815
Onchidella celtica Cuvier, 1817
Onchidium sp.

Location

16S

Cox 1

Histone 3

AY569552

AY569552

AY064472

AY345048

AY345048
AF033706

46

Table 1.2: Models of evolution used in estimates of divergence at various taxonomic levels. MtDNA is the model for
concatenated 16S and cox 1 datasets. Estimated base frequencies for each gene or concatenated dataset are indicated. The
shape of the gamma distribution (Alpha) and proportion of invariant sites (Pinvar) are also indicated for the various datasets.
Nst refers to the number of substitution types under the different models. TVM and TIM are the Transversional and
Transitional models of evolution, respectively. GTR is equivalent to the General Time Reversible model. I and G refer to the
incorporation of the invariant sites and gamma distribution into the various models of evolution.
Gene
Base Frequency
A
C
G
T
Alpha
Pinvar
Nst

16S
(TVM+I+G)

Cox 1
(TIM+I+G)

mtDNA (GTR+I+G)

Histone 3
(GTR+I+G)

0.3434
0.1252
0.1551
0.3763
0.2856
0.1493
6

0.1959
0.2303
0.2451
0.3287
0.2982
0.4290
6

0.2542
0.1730
0.2079
0.3648
0.3400
0.4347
6

0.2080
0.3474
0.2651
0.1795
1.6414
0.6422
6
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Table 1.3: Maximum likelihood estimates of divergence based on mtDNA. Some
estimates were based on one comparison, therefore, no standard deviation or range of
divergences is presented.
Comparison
d + std
Range
Within Species
Bosellia mimetica
0.0080
Elysia patina
0.0027
Elysia papillosa
0.0099
Elysia ornata
0.0153 + 0.0169
0.0000 - 0.0315
Elysia rufescens
0.0072
Elysia timida
0.0215 + 0.0163
0.0013 - 0.0361
Elysia tuca
0.0089 + 0.0049
0.0054 - 0.0123
Plakobranchus ocellatus
0.0304
Thuridilla ratna
0.0154
Tridachia crispata
0.0156 + 0.0029
0.0135 - 0.0176
Between Genera
Elysia/Elysiella
0.0999 + 0.0217
0.0607 - 0.1536
Elysia/Plakobranchus
0.0912 + 0.0190
0.0615 - 0.1570
Elysia/Thuridilla
0.1175 + 0.0242
0.0509 - 0.1740
Elysia/Tridachia
0.1001 + 0.0197
0.0499 - 0.1560
Elysia/Tridachiella
0.0881 + 0.0236
0.0392 - 0.1444
Elysiella/Plakobranchus
0.0783 + 0.0098
0.0713 - 0.0852
Elysiella/Thuridilla
0.1039 + 0.0174
0.0711 - 0.1301
Elysiella/Tridachia
0.0752 + 0.0049
0.0723 - 0.0809
Elysiella/Tridachiella
0.0739
Plakobranchus/Thuridilla
0.0786 + 0.0106
0.0570 - 0.0954
Plakobranchus/Tridachia
0.0841 + 0.0052
0.0757 - 0.0919
Plakobranchus/Tridachiella
0.0848 + 0.0042
0.0818 - 0.0878
Thuridilla/Tridachia
0.1143 + 0.0190
0.0785 - 0.1444
Thuridilla/Tridachiella
0.1102 + 0.0205
0.0807 - 0.1485
Tridachia/Tridachiella
0.0629 + 0.0035
0.0599 - 0.0667
Between Families
Boselliidae/Limapontiidae
0.1449 + 0.0177
0.1288 - 0.1606
Boselliidae/Placobranchidae
0.0975 + 0.0177
0.0656 - 0.1445
Boselliidae/Volvatellidae
0.3013 + 0.0124
0.2925 - 0.3101
Limapontiidae/Placobranchidae
0.1936 + 0.0262
0.1383 - 0.2506
Limapontiidae/Volvatellidae
0.3672 + 0.0030
0.3651 - 0.3693
Placobranchidae/Volvatellidae
0.3255 + 0.0378
0.2576 - 0.4042
Between Clades
Sacoglossa/Aplysiomorpha
0.3909 + 0.0411
0.3217 - 0.5196
Systellommatophora/Opisthobranchia
0.4748 + 0.0462
0.3761 - 0.5768
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Table 1.4: Maximum likelihood estimates of divergence based on Histone 3. Some
estimates were based on one comparison, therefore, no standard deviation or range of
divergences is presented.
Comparison
Within Species
Elysia ornata
Elysia papillosa
Elysia timida
Plakobranchus ocellatus
Tridachia crispata
Thuridilla ratna
Between Genera
Elysia/Elysiella
Elysia/Plakobranchus
Elysia/Thuridilla
Elysia/Tridachia
Elysia/Tridachiella
Elysiella/Plakobranchus
Elysiella/Thuridilla
Elysiella/Tridachia
Elysiella/Tridachiella
Plakobranchus/Thuridilla
Plakobranchus/Tridachia
Plakobranchus/Tridachiella
Thuridilla/Tridachia
Thuridilla/Tridachiella
Tridachia/Tridachiella
Between Families
Boselliidae/Limapontiidae
Boselliidae/Placobranchidae
Limapontiidae/Placobranchidae
Oxynoidae/Limapontiidae
Oxynoidae/Boselliidae
Oxynoidae/Placobranchidae
Between Clades
Sacoglossa/Aplysiomorpha
Systellommatophora/Opisthobranchia

d + std

Range

0.0238 + 0.0119
0.0063
0.0163
0.0097
0.0045 + 0.0020
0.0097

0.0031 - 0.0347
0.0033 - 0.0067
-

0.1443 + 0.0403
0.1995 + 0.0440
0.1749 + 0.0546
0.2162 + 0.0350
0.2298 + 0.0350
0.1623 + 0.0046
0.1014 + 0.0180
0.2005 + 0.0078
0.2289
0.1383 + 0.0291
0.2471 + 0.0067
0.2450 + 0.0028
0.2492 + 0.0208
0.2494 + 0.0193
0.1260 + 0.0074

0.0847 - 0.2367
0.1369 - 0.2959
0.0834 - 0.3133
0.1483 - 0.3018
0.1337 - 0.3068
0.1590 - 0.1656
0.0796 - 0.1432
0.1955 - 0.2096
0.1020 - 0.2128
0.2370 - 0.2557
0.2430 - 0.2469
0.2100 - 0.2925
0.2269 - 0.2904
0.1211 - 0.1345

0.2222 + 0.0295
0.2098 + 0.0358
0.2701 + 0.0465
0.2550 + 0.0846
0.3240
0.3232 + 0.0503

0.2013 - 0.2430
0.1357 - 0.2780
0.1864 - 0.3745
0.1952 - 0.3148

0.2731 + 0.0565
0.2552 + 0.0356

0.1618 - 0.3808
0.1899 - 0.3309

49

0.2537 - 0.4662

Table 1.5: Bayesian parameter estimates from the GTR+I+G model. The model is derived from the concatenated mtDNA and
nucDNA dataset. Base frequencies are estimated for the partitions defined in the Bayesian analysis. Point estimates and 95%
confidence intervals are presented for the shape of the gamma distribution (Alpha) and proportion of invariant sites (Pinvar).
Relative rate is the reported rate multiplier estimated by MrBayes.
Gene
16S
Cox 1
1st
2nd
3rd
H3
1st
2nd
3rd

A
0.3436

Base Frequencies
C
G
0.1205
0.1658

T
0.3702

0.2546
0.1152
0.3535

0.2133
0.2318
0.0868

0.2835
0.2191
0.1065

0.2487
0.4339
0.4533

0.3879
34.1067
0.8370

0.1084 - 1.3383
0.2667 - 187.5925
0.6389 - 1.0285

0.2728
0.2925
0.1254

0.2927
0.2700
0.4087

0.3005
0.2063
0.2711

0.1341
0.2312
0.1948

84.5952
98.0150
1.8324

0.5358 - 191.9045
2.7323 - 195.5846
1.1135 - 2.8311
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Point Estimate
0.4741

Alpha
95% confidence interval
0.3094 -0.7287

Table 1.5: (Continued).
Gene
16S
Cox 1
1st
2nd
3rd
H3
1st
2nd
3rd

Point Estimate
0.2850

Pinvar
95% confidence interval
0.1347 - 0.4045

Point Estimate
0.4410

0.3097
0.7933
0.0089

0.0164 - 0.6631
0.6062 - 0.8944
0.0003 - 0.0269

0.2264
0.0199
5.0152

0.1557 - 0.3373
0.0108 - 0.0391
4.7703 - 5.2551

0.7197
0.8732
0.0945

0.5480 - 0.8391
0.2895 - 0.9915
0.0280 - 0.1701

0.0485
0.0093
0.8442

0.0252 - 0.0781
0.0007 - 0.0508
0.6792 - 1.0449
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Relative Rate
95% confidence interval
0.3645 - 0.5158

A
0.4
0.35

Transversions, uncorrected p

0.3
0.25
0.2

3rd positions cox 1

0.15
0.1
0.05
0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Uncorrected p
B
0.3

Transversions, uncorrected p

0.25

0.2

0.15

0.1

3rd positions Histone 3

0.05

0
0

0.05

0.1

0.15

0.2

0.25

0.3

Uncorrected p

Figure 1.1: Saturation as indicated by the non-linear relationship between uncorrected pdistances and uncorrected p transversion distances for 3rd positions of A) cox 1 and B)
Histone 3.
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Among Sacoglossan Families

Sequence Divergence
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0.1

Among Placobranchidae Genera
Within Nominal Species

0

-0.1

Taxonomic Comparison
Figure 1.2: Maximum likelihood estimates of sequence divergence based on mtDNA. Standard deviations for mean estimates
are indicated (y-error bars). The x-axis is categorical and represents 33 taxonomic comparisons. These comparisons
correspond to those presented in Table 1.3 and are ranked by taxonomic level.
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0.39
Among Sacoglossan Families

Among Placobranchidae Genera

Sequence Divergence

0.29

0.19

0.09

Within Nominal
Species

-0.01
Taxonomic Comparison
Figure 1.3: Maximum likelihood estimates of sequence divergence based on Histone 3. Standard deviations for mean
estimates are indicated (y-error bars). The x-axis is categorical and represents the 29 taxonomic comparisons. These
comparisons correspond to those presented in Table 1.4 and are ranked by taxonomic level.
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Figure 1.4: Bayesian phylogram for mtDNA. Posterior probability values are expressed
as percentages. Colored lines are polytomies referenced in text for discussion purposes.
Location abbreviations are provided in Table 1.1.
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Figure 1.5: Bayesian phylogram for Histone 3. Posterior probability values are expressed
as percentages. Location abbreviations are indicated in Table 1.1 except for WA =
Western Atlantic.
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Figure 1.6: Proportion of nucleotides A) by gene for all three genes and B) by position
for the protein coding genes. Only proportions of A & T by position are shown for the
protein coding genes. Parameter values were generated from GTR+I+G model settings
applied to gene only and gene by position partitions in the Bayesian analysis.
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Figure 1.7: Relative rates of evolution A) by gene and B) by gene for 16S and by position
for the protein coding genes. Relative rates were determined under GTR+SSR (Site
Specific Rate) model settings applied to both gene only and gene by position partitions.
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Figure 1.8: Relative rates derived from the instantaneous rate matrix for all genes
generated from GTR+I+G by gene model settings. The proportion of invariant sites and
the total number of nucleotides (by gene) were used to transform the rate matrix into
number of substitutions per category.
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Figure 1.9: Bayesian phylogram of GTR+I+G model for the combined mtDNA and
nucDNA datasets. Posterior probability values are expressed as a percentage. Colored
lines indicate polytomies discussed in text and location abbreviations are detailed in
Table 1.1 except for WA = Western Atlantic.
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Figure 1.10: Maximum parsimony cladogram of concatenated mtDNA and nucDNA
datasets. Consensus of 12 trees found during a heuristic search with 300 random
stepwise-addition replications. Bootstrap values > 60 from 100 replicates are indicated
above the branches. Location abbreviations are detailed in Table 1.1 except for WA =
Western Atlantic.
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Figure 1.11: Maximum parsimony phylogram of concatenated mtDNA and nucDNA
datasets with branch lengths proportional to unambiguous changes. Numbers of changes
along branches are indicated. Branches that would collapse into the polytomies identified
in Figure 1.9 are indicated using the same color scheme. The red lines indicate the
branches involved in the large polytomy among all elysiids, green and blue lines are the
thuridillid and Elysia ornata polytomies, respectively.
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Figure 1.12: Bayesian phylogram of a subsample of taxa used to test long branch division
by multiple short branches. Posterior probability values are expressed as percentages.
Nodes (as indicated by circled numbers) with low ppv support are indicated by a red box.
The polytomy noted in previous analyses are indicated by red lines.
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Figure 1.13: Portion of Bayesian phylogram based on total evidence (Figure 1.9).
Colored boxes are provided for easy reference in discussion. Posterior probability values
expressed as percentages. Nodes without ppv indicated all have a value of 100. Location
abbreviations are detailed in Table 1.1 except for WA = Western Atlantic.
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CHAPTER 2: EVIDENCE OF INCREASED CLADOGENESIS IN THE FAMILY
PLACOBRANCHIDAE
INTRODUCTION
Whether intrinsic factors have accelerated cladogenesis has long been a focus of
studies in evolutionary biology. Ignoring the role of competition in ecological
diversification, biologists have attempted to identify causal relationships between form
and speciation. The concept of an evolutionary novelty as defined by Mayr (1963) is
“any newly acquired structure or property that permits the performance of a new
function, which, in turn, will open a new adaptive zone.” If these evolutionary novelties
as defined by Mayr promote diversification then they are typically referred to as key
innovations (Slowinski & Guyer, 1993). Most analyses of key innovations have focused
on higher taxonomic levels than species or on macroevolution (Streelman & Karl, 1997;
Hunter, 1998). Examples of key innovations include the molar cusps of mammals
(Jernvall, Hunter & Fortelius, 1996), nectar spurs in columbines (Hodges & Arnold,
1995), locomotor modules in birds (Gatesy & Dial, 1996) and symbiosis in foraminifera
(Norris, 1996).
Other researchers have looked for correlations between intrinsic and/or extrinsic
factors and cladogenesis (Paradis, 2005; Fisher, Blomberg & Owens, 2003). These
methods differ methodologically from those advocated by Slowinski & Guyer (1993),
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which use a sister group as a standard resulting in an examination of relative numbers of
taxa instead of absolute numbers of taxa. Paradis (2005) takes a more traditional
statistical approach of analyzing several traits simultaneously in a model framework and
then using likelihood ratio tests to assess the significance of the individual trait's effect on
diversification rates. This correlative approach incorporates the phylogeny, traits of
recent species and the estimation of ancestral character states either by parsimony or
maximum likelihood (ML) methods from either continuous or discrete characters. The
type of character and missing states for terminal OTUs will limit the choice of method for
estimation of ancestral states as ML methods do not allow for missing character types.
Most studies use continuous characters such as body size or two-state discrete characters
such as presence/absence of an ecological characteristic. The application of independent
contrasts in a comparative framework has been used to study correlations between traits
in a phylogenetic context (Felsenstein, 1985), however, most analysis programs require
either both traits to be continuous or at least one trait to be continuous. All methods
assume a fully bifurcating tree and no missing data for terminal OTUs.
Opisthobranchs are a highly speciose group of gastropods with 5000-6000 named
species (Wägele & Klussman-Kolb, 2005). The history of taxonomic study of the
opisthobranchs is a long one with original descriptions dating to the seventeenth century
(e.g. Scyllaea pelagica Linnaeus, 1758). While past researchers have been quite frenetic
in the descriptions of species, relatively little attention has been paid to general life
history patterns such as larval development, reproductive behavior or food choice.
Notable exceptions to this lack of information exist, such as Aplysia californica
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(Angeloni, Bradbury & Burton, 2003; Kriegstein, Castellucci & Kandel, 1974).
Members of the order Sacoglossa include the solar-powered sea slugs (Rumpho, Summer
& Manhart, 2000) such as Elysia (= Tridachia) crispata Mörch, 1863. The order
Sacoglossa consists of nine families with as few as two to as many as 106 described
species per family (Table 2.1; Jensen, 1997). The families Limapontiidae Gray, 1847 and
Placobranchidae Gray, 1840 dominate in terms of species richness with 89 and 106
species, respectively (Jensen, 1997).
Numerous authors have suggested an adaptive radiation within the Sacoglossa
associated with host plants (Clark & Busacca, 1978; Jensen, 1997). To support this
hypothesis of adaptive radiation, examination of family level phylogenies is a useful area
of investigation, as it can clarify whether the reported existence of large numbers of
species is an artifact of taxonomic confusion or reflects true cladogenic events (Slowinski
& Guyer, 1993). Is the species richness observed within families associated with a key
innovation that has increased speciation rate? Here the focus is on a subset of species
within the Placobranchidae to determine if a change in the rate of cladogenesis has
occurred. In addition to the examination of rate of cladogenesis, life-history traits such as
larval development, kleptoplasty and food choice are examined as potential causes of
changes in rate using reconstruction of ancestral character states.

MATERIALS AND METHODS
A total of 24 described species from Placobranchidae, two species from
Boselliidae and two species from a single genus in Limapontiidae were used in this
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analysis (Table 2.2). The analysis was limited to an intermediate number of species for
the following reasons. First, inclusion of all sequenced samples resulted in a large
polytomy deep within the phylogeny. This is a soft polytomy resulting from the lack of
informative characters at this level (Chapter 1). Through trial and error, I discovered that
removal of population level samples and species that consistently moved around the tree
in previous analysis resulted in better resolution of the phylogeny. Second, an attempt
was made to maximize the number of species for which data on various character traits
are available from the literature (Table 2.3). Total cell DNA was isolated from a small
portion of the anterior end of the animal subjected to a non-boiling chelex method
(Walsh, Metzger & Higuchi, 1991) and used in subsequent polymerase chain reaction
(PCR) amplifications of three genes. All treated samples were diluted with 1X TE (10
mM Tris, 1 mM EDTA; pH 7.5) and stored at -20°C.
Segments of two mitochondrial genes (~700 bp of cytochrome c oxidase subunit I
and ~450 bp of the large subunit RNA) and one nuclear gene (~380 bp of Histone 3) were
PCR amplified with primer pairs, respectively, LCO1490 5’-GGT CAA CAA ATC ATA
AAG ATA TTG G-3’ and HCO2198 5’-TAA ACT TCA GGG TGA CCA AAA AAT
CA-3’ (Folmer et al., 1994), 16Ssar 5’-CGC CTG TTT ATC AAA AAC AT-3’ and 16sa
5’-CTC CGG TTT GAA CTC AGA TC-3’ (Kessing et al., 1989), and H3F 5’-ATG GCT
CGT ACC AAG CAG ACV GC-3’ and H3R 5’-ATA TCC TTR GGC ATR ATR GTG
AC-3’ (Colgan, Ponder & Eggler, 2000). Amplification reactions (25 or 50 µL) consisted
of 1X buffer (Enzypol LTD., Denver, CO), 1.5 units of Enzypol Plus 2000 polymerase
(Enzypol LTD., Denver, CO), 0.2 mM each dNTPs, 3.0 mM MgCl2 (cox 1 and 16S) or
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1.5 mM MgCl2 (H3), 0.5 µM of each primer, 1.0 M Betaine, 0.12 µg/µL of bovine serum
albumen, and 2.0-4.0 µL of template. The cycling conditions for the cox 1 and 16S
primers consisted of 1 min. at 95°C followed by 35-45 cycles of 30 sec. at 95°C, 45 sec.
at 48°C, and 1 min. at 72°C with a final extension of 3 min. at 72°C. Cycling conditions
for the H3 primers consisted of 1 cycle of 4 min. at 95°C, 1 min. at 50°C, and 1 min. at
72°C, followed by 35 cycles of 45 sec. at 95°C, 30 sec. at 52°C, and 45 sec. at 72°C and a
final extension of 3 min. at 72°C. A template free reaction was included for the detection
of contamination.
Amplicons were purified using sterile nanopure water and 30,000 MW Millipore
filters (Millipore Inc., Bedford, MA) or a QIAquick PCR purification kit (Qiagen, Inc.,
Valencia, CA). The mass of the amplicons was determined by comparing ethidium
bromide staining intensity of 2.0-5.0 µL of each purified reaction relative to a standard
mass DNA ladder (Invitrogen Life Technologies, Carlsbad, CA). Cycle sequencing
reactions (Amersham ET-Terminator Kit, Amersham Biosciences Corp., Biscataway, NJ)
were conducted with approximately 100 ng of purified PCR product according to
manufacturer's specifications and fluorescently labeled products were size sorted and
visualized using an ABI 310 Genetic Analyzer (Applied Biosystems, Inc., Foster City,
CA). The sequences from both strands of the amplicon were compared and edited (when
needed) using Sequencher (v4.1; Gene Codes Corp., Ann Arbor, MI). The 16S gene
region fragments were aligned to Aplysiomorpha secondary structure using Seaview
(Gaultier, Gouy & Gautier, 1996) and hyper-variable regions where no one alignment
appeared superior (i.e. minimized changes) to another were excluded from further
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analyses. The open reading frames for the cox 1 and H3 genes were used to aid in proper
alignment.
A Bayesian framework was used to assess relationships among the species of
interest (Mr.Bayes v3.1.2; Huelsenbeck & Ronquist, 2001, Ronquist & Huelsenbeck,
2003). Prior to running Mr.Bayes, the best-fit model was estimated using Mr.Modeltest
(v2.2; Nylander, 2004), which uses Akaike Information Criteria and an abbreviated set of
potential models to test in comparison to Modeltest (v3.7; Posada & Crandall, 1998). All
Bayesian analyses were run in an MPI environment (Altekar et al., 2004) using the
Research Computing Core Facility (RCCF) at the University of South Florida. The data
were divided into 7 partitions: putative 1st, 2nd and 3rd codon positions of cox 1, all
positions of 16S, except for hypervariable regions and putative 1st, 2nd and 3rd codon
positions of Histone 3. In all Bayesian searches, two runs of 1,000,000 generations were
conducted simultaneously and sampled every 1,000 generations. To assess convergence
of the MCMC sampling runs, the average standard deviation of the split frequencies of
the two runs was inspected and if greater than 0.01, an additional one million generations
were run (Ronquist, Huelsenbeck & van der Mark, 2006). This process was repeated
until the average standard deviation of the split frequencies of the two runs was less than
0.01. To determine the “burnin” number, the parameters of all individual runs were
summarized and the initial runs below the asymptote were discarded. In general, only the
last 500 samples of generations from both runs were used to determine parameter and
posterior probability values. In addition to assessing convergence during the analysis, the
chain swap information for each individual run was examined and if the proportion of
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successful state exchanges between chains was between 10 and 70%, then convergence
within the individual runs was assumed (Ronquist et al., 2006). Model parameters,
proportion of invariant sites, gamma distribution and nucleotide substitution rates, were
estimated independently for each dataset using Mr. Bayes values of four chains and 0.1
for the chain temperature parameter. Multiple runs starting from random trees were
conducted to verify convergence. Levels of support for nodes were considered high if the
posterior probability value (ppv) was > 95, moderate if between 80-94 and low if < 79.
An assessment of character evolution of life-history traits - larval development,
degree of kleptoplasty and food choice - was conducted using MacClade (v4.08;
Maddison & Maddison, 2003). Characters were coded as discrete states and treated as
unordered (Table 2.3). Ancestral states were determined using parsimony methods
implemented in MacClade.
Although likelihood ratio tests of maximum likelihood values of trees generated
under clock and non-clock assumptions are the most common method to test for a
molecular clock, problems are associated with this method. The LRT tests for a global
uniform clock; therefore, deviations from this global clock that may occur on any branch
or in any clade can cause the rejection of a clock. An alternative option is to use
nonparametric rate smoothing (NPRS) to generate an ultrametric tree (Sanderson, 1997)
and an axis dependent on time. Because fossil data are nonexistent for these soft-bodied
taxa, time is a smoothed rate of change along branches. The smoothing of rate involves
the estimation of a local rate for each branch and minimization of the difference between
local rate estimates and the immediate descendant's local rate. The Bayesian generated
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consensus tree with mean branch lengths was transformed using NPRS into an
ultrametric tree. As I was only interested in the number of lineages within the
Placobranchidae, the most recent common ancestor, Bosellia mimetica, was assumed the
most basal node. The number of lineages through time plot was constructed using logtransformed estimates of the number of lineages observed in the ultrametric tree (Nee,
Barrowclough & Harvey, 1996). To test if the number of lineages through time was
significantly different from random, a runs test was conducted in SPSS (v12.0.2, Apache
Software Foundation, Illinois).

RESULTS
A total of 1448 nucleotides (16S: 535 nt aligned, cox 1: 630 nt, H3: 321 nt) from
28 species were used in the analysis. Two regions comprising a total of 46 positions of
the 16S alignment were highly variable and excluded from the analysis. Costasiella
ocellifera was designated as the outgroup as this was the closest sister group to the
Boselliidae and Placobranchidae in a larger analysis (Chapter 1). The best-fit model as
chosen by AIC in Mr. Modeltest was GTR+I for the 16S sequences and GTR+I+G for the
protein coding regions. Base frequencies, gamma distribution shape and proportion of
invariant sites were estimated by Mr. Bayes for each partition of the concatenated dataset.
The resulting consensus phylogram is resolved at all nodes except for Elysia
nigrocapitata and Bosellia marcusi, which formed a polytomy at the base of the clade
comprising Elysia timida and others (Figure 2.1). The majority of nodes showed high
posterior probability values (ppv). The remaining nodes exhibited low support. These
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findings are consistent with the larger phylogenetic analysis including all available
OTUs. The Elysia patina clade was involved in the major polytomy detected previously
and reflects the lack of phylogenetically informative characters at this level. For further
analyses, it is assumed that this is the correct phylogeny. For the purpose of tracing
character evolution, I assumed that there was a bifurcation at the Elysia
nigrocapitata/Bosellia marcusi node placing B. marcusi basal in this group.
Character tracing
Larval developmental type was coded as discrete, unordered characters with three
states; planktotrophic, lecithotrophic, and direct. No polarity in the evolution of
developmental type was assumed as previous studies have shown larval development to
be quite labile in evolution (Hart, 2000, Schultz et al., 2000). Of the 28 species involved
in the analysis, the terminal states for only 15 were known indicated by boxes on Figure
2.2. The most parsimonious reconstruction (MPR) of larval development on the
Bayesian phylogeny resulted in 18 MPRs of seven steps (Figure 2.2). Overall, the
reconstruction suggests two parallel changes from planktotrophic to lecithotrophic modes
and one parallel change from planktotrophic to direct or lecithotrophic development. The
latter change is indicated in both the Bosellia marcusi clade and in the species Elysia
chlorotica. In three taxa, Bosellia marcusi, Elysia timida, and E. chlorotica, the terminal
state is polymorphic and 1 & 2, 1 & 2 or 0 & 2, respectively (Table 2.3).
The classification for level of kleptoplasty follows that of Clark (1992). Levels
were coded as discrete, unordered characters with six states; Level 1, 2, 3, 4, 5, and 6.
Level 1 organisms do not retain chloroplasts with plastids digested immediately after
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phagocytosis. Level 2 and 3 organisms retain plastids for a few hours or up to 24 hours,
respectively, but neither produces photosynthate. Level 4 organisms produce
photosynthate in the field, but cease production after a few hours in the lab and digest the
plastids. Level 5 organisms produce photosynthate for longer than 24 hours in a dark
environment, but function ceases after a week of starvation. Level 6 organisms exhibit
long-term functional retention with photosynthate production for greater than 1 week
after starvation. Of the 28 species involved in the analysis, the terminal states for only 10
species were known. The MPR of degree of kleptoplasty on the Bayesian phylogeny
resulted in 8 MPRs of three steps (Figure 2.3). Only one clade indicated an equivocal
state for the ancestral state and or terminal node. In the Elysia patina clade the ancestral
state was reconstructed as either Level 2, 5 or 6 and these are the most parsimonious
states for the two unknowns in this group, E. patina and E. bennettae.
Because of the large number of types of algae consumed by the species of
interest, the family of each type of algae was used instead of genera (Table 2.3). The
families were coded as discrete, unordered characters with eight states. Classification of
algal species to family was based on Lam & Zechman (2006) for the suborders
Bryopsidineae and Halimedineae and Graham & Wilcox (2000) for all others. The
seagrass state represents two families (Table 2.3), but I have used seagrass as the
category here. The MPR of food choice on the Bayesian phylogeny resulted in 378
MPRs of 19 steps (Figure 2.4).
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Lineages through time
The Bayesian phylogeny excluding the Limapontiidae was transformed into an
ultrametric tree using NPRS with Bosellia mimetica as the basal node. The number of
lineages through time (LTT) was log transformed and plotted against the smoothed rate
used as a time axis (Figure 2.5). If the number of lineages has increased at a constant rate
(birth rate = death rate) then a straight line in the semi-logarithmic LTT plot is expected
whereas if exponential growth is occurring a convex shape to the line is expected (Nee et
al., 1996). The shape of the line here is convex, especially in the region to the left of the
first red line (Figure 2.5) indicating when the putative increase in speciation rate began.
Calculation of the gamma (γ) statistic (Pybus & Harvey, 2000) generates a test statistic
for the null model of constant rates, which can be rejected if γ < -1.645. The γ-statistic
for the ultrametric tree shown in Figure 2.5 rejected the constant rates model (γ = -3.601,
P = 0.0002); and Pybus & Harvey (2000) note that this rejection of constant rates occurs
only if speciation rate has decreased over time. The pattern of branching expected when
γ < 0 is one with many nodes close to the root of the tree and long terminal branches, as
observed in the phylogeny (Figure 2.5). A runs test indicated that the number of lineages
through time exhibited a significant departure from randomness (Z = -4.581, P2-tailed test =
0.000).

DISCUSSION
Four lines of evidence indicate the presence of an early radiation within the
Placobranchidae. First, the calculated γ-statistic for the Placobranchidae rejects the null
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model of constant rates of speciation and extinction throughout time and among lineages.
Second, the convex shape of the LTT plot indicates that speciation rates have decreased
over time, which is a necessary requirement of an early and rapid radiation. Third, the
preponderance of nodes located towards the root provides general evidence of a decrease
in speciation rate over time. For example, if γ > 0 and speciation or extinction rates are
increasing over time, then the internal nodes of a phylogeny will be closer to the tips than
expected under a constant birth and death null hypothesis. Conversely, if γ < 0 and
speciation rate have decreased over time, then the internal nodes will be closer to the root
than expected under a constant rates model (Pybus & Harvey, 2000). Because of the
apparent decrease in speciation as indicated by few terminal nodes in the phylogeny and
the value of the γ-statistic (Pybus & Harvey, 2000), the change in speciation rate occurred
early in the evolution of the family Placobranchidae. A more appropriate test for this
phylogeny would be the Monte Carlo Constant Rates test, which accounts for missing
taxa in the phylogeny (Pybus & Harvey, 2000), however, a necessary prerequisite of this
test is knowledge of the total number of species. The fourth line of evidences is provided
by a comparison of the two major clades depicted in Figure 2.1,
Plakobranchus/Thuridilla and Elysia. The relative rate of cladogenesis is significantly
greater within the major Elysia clade (P = 0.03), which may be the basis for the convex
shape of the LTT plot. Although, all Thuridilla spp. were not included in the analysis,
the genus is smaller in terms of number of species (n = 16; Gosliner, 1995) when
compared to Elysia (n= 76-90; Jensen, 1997). The relative increase in cladogenesis when
comparing the Plakobranchus/Thuridilla and Elysia clades provides further support for
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an overall change in cladogenesis. One caveat should be mentioned here. Many
unsampled species exist within this family; here only 24 are included, but as many as 106
species are reported within the family Placobranchidae (Jensen, 1997). A phylogeny of
all extant species could affect conclusions regarding cladogenesis in that speciation rates
may appear to be constant over time.
What factors could contribute to an increase in cladogenesis within the
Placobranchidae? Here I have examined the evolution of three life history
characteristics: degree of kleptoplasty, larval developmental mode and food choice.
These life history characteristics were examined because of the diversity of larval
developmental forms in the family, the prevalence of excellent kleptoplasts known from
this family and the diversity of algae food types. The degree of kleptoplasty does not
appear to be contributing to this increase as was initially suspected, as the ancestral nodes
for both the Plakobranchus/Thuridilla and Elysia clades exhibit Level 6 kleptoplasty as
the ancestral state. This reconstruction may be biased because of the absence of
information on many of the terminal nodes. As with all life history characteristics
examined here, the terminal character states for many taxa are unknown or polymorphic,
which, in turn, impacts the most parsimonious reconstruction of ancestral states by
increasing the potential states and equivocal states of ancestral branches (Maddison &
Maddison, 2003). Nonetheless, the reconstruction suggests that kleptoplasty occurred
earlier in the cladogenesis of the sacoglossans (e.g. Costasiella ocellifera is a Level 6
kleptoplast) or that kleptoplasty evolved independently in the two families,
Limapontiidae and Placobranchidae. A more relevant examination of the effect of
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kleptoplasty on speciation rates would involve the inclusion of all sacoglossan families;
however, data are not available at this time to conduct such an analysis. In terms of
larval developmental mode, character tracing suggests that larval developmental mode is
plastic and that gain or loss of states may occur independently of phylogenetic constraints
(Hart, 2000). This conclusion is supported by the polymorphic states of numerous taxa,
Bosellia marcusi, Elysia timida, and E. chlorotica, and the predicted state changes from
planktotrophic to direct and parallel state changes from planktotrophic to lecithotrophic
(Figure 2.2). More studies of larval developmental mode in the remaining taxa will be
imperative to a more accurate reconstruction of ancestral states.
Food choice in members of the family Placobranchidae appears to be the most
complicated in terms of the most parsimonious reconstruction (> 300 MPRs), diversity
and state changes. The most parsimonious reconstruction suggests that the most recent
common ancestor (MRCA) of the members of the Placobranchidae fed on Udoteaceae
(Figure 2.4) as suggested by Jensen (1997). The MRCA of the Elysia clade (excluding
the Elysia patina clade) is predicted to have fed on Codiaceae with subsequent shifts to
Bryopsidaceae and other families in the remaining clades. A tentative reconstruction of
diet choice in the family suggests a Udoteaceae -> Codiaceae -> Bryopsidaceae,
Halimedaceae, Polyphysaceae, Caulerpaceae, Cladophoraceae and Vaucheriaceae
pathway with multiple host switching and adoption of unique food sources.
Members of the Placobranchidae generally feed on green algae, but food
preference is a difficult determination in sacoglossans as most reports are based on
observations and not food choice experiments (but see Jensen, 1983). Others have stated
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that published data on food preference is incorrect based on current lab experiments
investigating food choice in select elysiids (S. Pierce, pers. comm.). Further
complicating the issue of food preference is the lack of studies involving a temporal
component, which has been identified for at least one species, Elysia cf. furvacauda
(Brandley, 1984). Assuming that the data analyzed here accurately reflects food choice
in members of the Placobranchidae, preliminary findings indicate that host switching may
significantly affect speciation rates. The switch from Udoteaceae to Codiaceae as a food
choice by slugs could have opened up more potential food choices for the slugs or it may
be that plasticity in food choice is common in some clades (Figure 2.4). Trowbridge &
Todd (2001) demonstrated host-plant switching in Elysia viridis and that changes in host
could lead to increases in developmental rates and/or maximum size of slugs. Host
switching appears to be beneficial and may increase the potential for population
differentiation and potentially speciation. Host-switching has been suggested as the
cause of sympatric speciation in some terrestrial phytophagous insects (Berlocher, 1998
and references therein). The increase in speciation rate within the Placobranchidae could
be associated with the shift in diet away from the Udoteaceae to Codiaceae and
subsequent changes in hosts among derived lineages.
The phylogenetic reconstruction yields interesting patterns related to specialist
and generalists if the food choice of the included species are accurate. Within the Elysia
canguzua clade excluding Elysia chlorotica, the "best" kleptoplasts feed on the largest
number of families (n = 8), therefore, exhibiting more of a generalist strategy in food
choice. This finding suggests that a high degree of kleptoplasty (demonstrated through
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experimental studies) enables the utilization of multiple, diverse algal families or that the
use of multiple algal families increases the potential for high functioning kleptoplasts.
Although the kleptoplasty character tracing indicates that all members of the other
derived clades are Level 6 kleptoplasts, experimental data for only one species, Elysia
timida, are available. Further studies may indicate that the degree of kleptoplasty varies
within these taxa; therefore, conclusions regarding a link between kleptoplasty and
generalist feeding strategy are purely speculative. The derived Elysia clades all share
Codiaceae as the food choice for the most recent common ancestor and these two clades
exhibit a large number of specialists on different families of algae. Codium sp. as a food
choice may enhance host switching and subsequent specialization in food choice in these
lineages. Within the Bosellia marcusi clade, the character tracing uncovers the highest
number of specialists on different families of algae. For example, Elysia timida
specializes on Acetabularia (family Polyphysaceae), E. subornata specializes on
Caulerpa spp. (family Caulerpaceae), E. setoensis on Codium spp. (family Codiaceae)
and Bosellia marcusi on Halimeda (family Halimedaceae). Food preference for the
remaining members of this clade is unknown. The sister clade (Elysia trisinuata) also
contains specialists on either Bryopsidaceae or Codiaceae suggesting a general trend
towards specialist herbivores in more derived lineages within the Placobranchidae.
In this analysis of a subset of species of the family Placobranchidae, evidence of
an early radiation and decrease in speciation over time was discovered. This finding is
supported by the value of the γ-statistic, the location of nodes within the phylogeny and
the shape of the LTT-plot. Ancestral character state reconstructions suggest that food
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choice and subsequent host switching have played important roles in the change in
cladogenesis within the family Placobranchidae. Larval development does not appear to
have played an important role in speciation rate within the family Placobranchidae as it
appears to be a labile character, however, further information on larval development for
individual species is necessary. Kleptoplasty appears to have evolved earlier in the
sacoglossans as evidenced by the appearance of this trait in members of the
Limapontiidae. Furthermore, ancestral character state reconstruction suggests that the
ancestor of all three families, Boselliidae, Placobranchidae and Limapontiidae was a high
functioning kleptoplast (i.e. Level 6); therefore, kleptoplasty may have played an
important role in the earlier diversification of the Order Sacoglossa.
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Table 2.1: Sacoglossan families, genera and number of species currently recognized.
Family
Oxynoidae
Juliidae
Volvatellidae
Boselliidae
Platyhedylidae
Placobranchidae
Polybranchiidae
Hermaeidae
Limapontiidae

Genus
Roburnella, Lobiger, Oxynoe
Julia, Berthelinia
Ascobulla, Volvatella
Bosellia
Platyhedyle, Gascoignella
Plakobranchus, Thuridilla, Elysia
Sohgenia, Cyerce, Mourgona,
Polybranchia, Caliphylla
Hermaeopsis, Hermaea, Aplysiopsis
Stiliger, Placida, Calliopaea, Olea, Alderia,
Alderiopsis, Ercolania, Limapontia, Costasiella
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# of Species
11-12
17-20
20-26
5
2
92-106
24-28
19-25
54-89

Table 2.2: Taxonomic list of species used in the phylogenetic analysis. The accession number for each sequence of the
mtDNA and Histone 3 genes is indicated. Location is not the range of the species, but rather where the individual was
collected. NA indicates that the sequence was not available for analysis.
Taxonomic Units
Clade Sacoglossa
Subclade Placobranchacea
Superfamily Placobranchoidea Gray, 1840
Family Boselliidae Ev. Marcus, 1982
Bosellia marcusi Ev. Marcus, 1972
Bosellia mimetica Trinchese, 1891
Family Placobranchidae Gray, 1840
Elysia bennettae Thompson, 1973
Elysia canguzua Marcus, 1955
Elysia chlorotica Gould, 1870
Elysia nigrocapitata Baba, 1957
Elysia obtusa Baba, 1938
Elysia ornata Swainson, 1840
Elysia patina Marcus, 1980
Elysia pratensis Ortea & Espinosa, 1996
Elysia rufescens Pease, 1871
Elysia serca Marcus, 1955
Elysia setoensis Hamatani, 1968
Elysia subornata Verrill, 1901
Elysia timida Risso, 1818
Elysia trisinuata Baba, 1949
Elysia tuca Marcus & Marcus, 1967
Elysia viridis Montagu, 1804

Location

16S

Cox 1

Histone 3

Bahamas
Bahamas

DQ480191
DQ480202

DQ471254
DQ471212

DQ534783
DQ534793

Guam
USA: Florida
USA: Massachusetts
Japan: Okinawa
Japan: Okinawa
Japan
USA: Florida
Bahamas
Guam
Bahamas
Japan: Okinawa
USA: Florida
France
Japan: Okinawa
USA: Florida
Portugal

DQ480183
DQ480196
DQ480200
DQ480175
DQ480182
DQ480181
DQ480189
DQ480162
DQ480171
DQ480192
DQ480163
DQ480165
DQ480169
DQ480174
DQ480184
DQ480195

DQ471216
DQ471219
DQ471222
DQ471226
DQ471259
DQ471264
DQ471229
DQ471258
DQ471237
DQ471243
DQ471239
DQ471283
DQ471248
NA
DQ471249
DQ471211

DQ534778
DQ534787
DQ534791
DQ534771
DQ534777
DQ534776
DQ534782
DQ534762
DQ534768
DQ534784
DQ534763
DQ534765
DQ534767
DQ534770
DQ534779
DQ534786
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Table 2.2: (Continued).
Taxonomic Units
Elysia pusilla Bergh, 1872
Elysia crispata Mörch, 1863
Elysia diomedea Bergh, 1894
Thuridilla bayeri Marcus, 1965
Thuridilla carlsoni Gosliner, 1995
Thuridilla undula Gosliner, 1995
Thuridilla vatae Risbec, 1928
Plakobranchus ocellatus van Hasselt,
1824
Superfamily Limapontioidea Gray, 1847
Family Limapontiidae Gray, 1847
Costasiella kuroshimae Ichikawa, 1993
Costasiella ocellifera Simroth, 1895

Location
USA: Hawaii
Belize
Costa Rica
Guam
USA: Hawaii
Philippines
Guam
USA: Hawaii

16S
DQ480201
DQ480199
DQ480193
DQ480207
DQ480214
DQ480210
DQ480212
DQ480205

Cox 1
DQ471236
DQ471223
DQ471265
DQ471271
DQ471274
DQ471267
DQ471268
DQ471270

Histone 3
DQ534792
DQ534790
DQ534785
DQ534797
DQ534804
DQ534800
DQ534802
DQ534795

Guam
Bahamas

DQ480215
DQ480216

DQ471252
DQ471253

DQ534805
DQ534806
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Table 2.3: Character matrix for species used in the ancestral state reconstructions for three life history traits. Larval mode: 0 =
planktotrophic, 1 = lecithotrophic, 2 = direct or encapsulated. Kleptoplasty: 0 = Level 1, 1 = Level 2, 4 = Level 5, 5 = Level 6.
Sources for larval development: 1 Miles & Clark (2002); 2 Jensen & Clark (1983); 3 Clark & Jensen (1981); 4 West et al.
(1984); 5 Pierce et al. (2006); 6 Marin & Ros (1993); 7 Jensen (1992); 8 Thompson (1976). Sources for kleptoplasty: 1 Clark
et al. (1990); 2 Rumpho et al. (2000); 3 Trench (1969); 4 Marin & Ros (2004); 5 Clark & Busacca (1978); 6 Hinde & Smith
(1974); 7 Ireland & Scheuer (1979). Sources for food choice: All were taken from Williams & Walker (1999) except Elysia
crispata (Pierce et al., 2006), E. setoensis (Hamatani, 1968), E. trisinuata (Jensen, 1985), E. diomedea (Bertsch & Smith,
1973) and Costasiella ocellifera (Miles & Clark, 2002).
Species
Costasiella kuroshimae
Costasiella ocellifera
Bosellia marcusi
Bosellia mimetica
Elysia bennettae
Elysia canguzua
Elysia chlorotica
Elysia crispata
Elysia diomedea
Elysia nigrocapitata
Elysia obtusa
Elysia ornata
Elysia patina
Elysia pratensis
Elysia pusilla
Elysia rufescens
Elysia serca

Larval
Mode
?
21
1, 22
03
?
02
0, 24
15
?
?
?
03
02
?
?
?
03

Kleptoplasty

Food Choice (Family)

?
51
?
51
?
?
52
51
53
?
?
?
?
?
?
?
01

Udoteaceae
Udoteaceae
Halimedaceae
Halimedaceae
Udoteaceae
Bryopsidaceae, Codiaceae
Vaucheriaceae
Halimedaceae, Udoteaceae
Phaeophyceae, Florideophyceae
?
Bryopsidaceae
Bryopsidaceae
Udoteaceae
?
Halimedaceae, Codiaceae
Bryopsidaceae
Cymodoceaceae, Hydrocharitaceae
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Table 2.3: (Continued).
Species
Elysia setoensis
Elysia subornata
Elysia timida
Elysia trisinuata
Elysia tuca
Elysia viridis
Plakobranchus ocellatus
Thuridilla bayeri
Thuridilla carlsoni
Thuridilla undula
Thuridilla vatae

Larval
Mode
?
23
1, 26
07
13
08
07
?
?
?
?

Kleptoplasty

Food Choice (Family)

?
?
54
?
45
56
57
?
?
?
?

Codiaceae
Caulerpaceae
Polyphysaceae
Codiaceae
Halimedaceae, Caulerpaceae, Udoteaceae
Bryopsidaceae, Codiaceae, Cladophoraceae
Udoteaceae
?
?
?
?
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Costasiella ocellifera
Costasiella kuroshimae
Bosellia mimetica
Elysia nigrocapitata
96

Bosellia marcusi
Elysia timida
Elysia setoensis
Elysia pratensis

100
99

100

64

Elysia subornata
Elysia trisinuata
Elysia obtusa

100 100

75

Elysia rufescens
Elysia ornata

100

100

Elysia canguzua
100

Elysia serca
Elysia chlorotica

98

100

Elysia viridis

72 100

Elysia diomedea
Elysia crispata

100
Elysia patina

100

Elysia pusilla
Elysia bennettae

69
55
97

72

Elysia tuca
Plakobranchus ocellatus
Thuridilla carlsoni

100

100
0.1 substitutions/site

Thuridilla vatae
100

Thuridilla bayeri
Thuridilla undula

Figure 2.1: Bayesian phylogram based on concatenated mtDNA and nucDNA datasets.
Posterior probability values are presented as percentages.
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Costasiella ocellifera
Costasiella kuroshimae
Bosellia mimetica
Elysia nigrocapitata

Planktotrophic
To Direct

Bosellia marcusi
Elysia timida
Elysia setoensis
Elysia pratensis
Elysia subornata
Elysia trisinuata
Elysia obtusa
Elysia rufescens
Elysia ornata
Elysia canguzua
Elysia serca
Elysia chlorotica

Planktotrophic
To Lecithotrophic

Elysia viridis
Elysia diomedea
Elysia crispata
Elysia patina
Elysia pusilla
Elysia bennettae
Elysia tuca

Plakobranchus ocellatus
Thuridilla carlsoni
Thuridilla vatae
Planktotrophic
Lecithotrophic
Direct
Polymorphic

Thuridilla bayeri
Thuridilla undula

Figure 2.2: Most parsimonious reconstruction of larval development on the Bayesian
phylogeny. Eighteen MPRs consisting of seven steps were found. Predicted shifts from
planktotrophic to either direct or lecithotrophic are indicated by arrows. Colored boxes
indicate known states for taxa. If no box, then the terminal state was unknown.
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Costasiella ocellifera
Costasiella kuroshimae
Bosellia mimetica
Elysia nigrocapitata
Bosellia marcusi
Elysia timida
Elysia setoensis
Elysia pratensis
Elysia subornata
Elysia trisinuata
Elysia obtusa
Elysia rufescens
Elysia ornata

6 to 1

Elysia canguzua
Elysia serca
Elysia chlorotica
Elysia viridis
Elysia diomedea

6 to 2
6 to 5

Elysia patina

Elysia crispata

Elysia pusilla
Elysia bennettae
Elysia tuca
Plakobranchus ocellatus
Thuridilla carlsoni
Thuridilla vatae
Level 1
Level 2
Level 5
Level 6

Thuridilla bayeri
Thuridilla undula

Figure 2.3: Most parsimonious reconstruction of level of kleptoplasty on the Bayesian
phylogeny. Eight MPRs consisting of three steps were found. Predicted shifts from
Level 6 to either 1, 2 or 5 are indicated by the arrows. Colored boxes indicate known
states for taxa. If no box, then the terminal state was unknown.
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Costasiella ocellifera
Costasiella kuroshimae
Bosellia mimetica
Elysia nigrocapitata*
Bosellia marcusi
Elysia timida
Elysia setoensis
Elysia pratensis*
Elysia subornata

Udoteaceae
to
Codiaceae

Elysia trisinuata
Elysia obtusa
Elysia rufescens
Elysia ornata
Elysia canguzua
Elysia serca
Elysia chlorotica
Elysia viridis
Elysia diomedea
Elysia crispata
Elysia patina
Elysia pusilla
Elysia bennettae
Elysia tuca
Plakobranchus ocellatus
Thuridilla carlsoni*
Thuridilla vatae*
Thuridilla bayeri*
Thuridilla undula*

Figure 2.4: Most parsimonious reconstruction of food choice on the Bayesian phylogeny.
378 MPRs consisting of 19 steps were found. Double vertical lines indicate predicted
shifts from Codiaceae to different host families. Asterisks indicate unknown terminal
states for a given species.
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Figure 2.5: NPRS transformed ultrametric tree with a scale bar proportional to smoothed
rate of substitution. Below the tree is the semi-logarithmic lineages through time plot
with Bosellia mimetica as the basal node. The red lines on both the tree and the plot
indicate the region most convex in shape.
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CHAPTER 3: COMPARATIVE POPULATION GENETIC STRUCTURE AMONG
THREE SPECIES OF PLACOBRANCHIDS
INTRODUCTION
Population genetic theory predicts that high migration rates among geographic
locations will homogenize populations; thereby, decreasing levels of or eliminating
population subdivision. Species with planktonic larva and, therefore, putatively high
dispersal potential should necessarily exhibit low levels of population structure, as
indicated by indirect estimates such as FST. Exceptions to this paradigm are numerous,
causing some authors to suggest that possession of a planktonic larval stage may not be
an adaptation for gene flow (Hedgecock, 1986). Instead of potential for long distance
dispersal, the ability of a larva to settle and persist is arguably the most important
component for homogenizing genetic pools between populations (Bhaud, 1998). Other
factors, such as time in plankton (Hellberg, 1996) and current patterns (Arndt & Smith,
1998), are also influential in structuring populations. Kyle & Boulding (2000) found
contradictory results among planktonic and direct developing gastropods, with one
planktonic developer exhibiting homogenized populations across large spatial scales and
another of the planktonic developers exhibiting significant population structure. Todd,
Lambert & Thorpe (1998) examined population genetic structure in two sympatric
species of nudibranchs and found that while planktotrophic species conformed to
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expectations of no population structure the lecithotrophic species did not. In general,
numerous examples are present in the literature indicating that type of larval development
is not the primary determinant of population structuring in the marine environment.
Other factors, such as population specific processes and other life history traits, may also
be important in population structuring.
A variety of larval life histories is known for members of the sacoglossan family
Placobranchidae Gray, 1840, ranging from benthic-encapsulated to highly vagile
planktonic development. In terms of feeding preferences, some species of
Placobranchidae, such as Elysia subornata, are believed to feed solely on Caulerpa spp.
(Clark, Busacca & Stirts, 1979; Clark, 1984; Jensen, 1993), or exhibit a strong preference
for a particular type of alga, such as E. tuca for Halimeda spp. (Jensen, 1983). These
observations may be a result of our limited knowledge of food choice, but may also
reflect morphological constraints in feeding structures (Jensen, 1993). Generalist type
feeders exist, such as Elysia (=Tridachia) crispata, which has been reported to feed on
multiple types of algae including, but not necessarily limited to, Bryopsis sp., Penicillus
sp., and Halimeda sp. (Curtis et al., 2004).
Concomitant with the degree of feeding specialization is a physiological link
between species and their food sources, as exemplified by their use of chemicals
(kleptochemistry; Marin & Ros, 2004) and chloroplasts extracted from their food source
(kleptoplasty; Waugh & Clark, 1986). Taylor (1968) provided data indicating a
symbiotic relationship between the slugs and algae and further research indicated that
while feeding on their preferred food source, species may extract additional energy by
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commandeering and prolonging photosynthetic activity of the chloroplasts (Greene &
Muscatine, 1972; Pierce, Biron & Rumpho, 1996; Rumpho, Summer & Manhart, 2000).
The ability to retain and subsequently maintain chloroplasts varies, causing Clark (1992)
to develop a classification scheme based on different types of chloroplast retention and
usage. Level 1 organisms do not retain chloroplasts with plastids digested immediately
after phagocytosis. Level 2 and 3 organisms retain plastids for a few hours or up to 24
hours, respectively, but neither produces photosynthate. Level 4 organisms produce
photosynthate in the field, but cease production after a few hours in the lab and digest the
plastids. Level 5 organisms produce photosynthate for longer than 24 hours in a dark
environment, but function ceases after a week of starvation. Level 6 organisms exhibit
long-term functional retention with photosynthate production for greater than 1 week
after starvation.
Here, I examine the local population structure of three species of
Placobranchidae, Elysia subornata, Elysia tuca and Elysia crispata, which exhibit
various life history strategies. In this study, I will examine the influence of larval
development type (lecithotrophic vs. direct development), feeding preference (specialist
vs. generalist), and degree of kleptoplasty on population subdivision as indicated by
genetic sequences of a fragment of the cytochrome c oxidase subunit 1 gene (cox 1).
Lecithotrophic and direct development should yield differences in population structure
because lecithotrophic development involves a delay in time to metamorphosis and
dispersal potential. How feeding preference and degree of kleptoplasty would affect
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population subdivision is unclear. Initially, I assumed that specialist versus generalist
strategies and degree of kleptoplasty would not have an affect on population structuring.

MATERIALS AND METHODS
Samples were collected from four broad scale locations corresponding to the
northern portion of the range of Elysia crispata; Florida Keys (FLK), Bahamas (BA),
Belize (BE) and United States Virgin Islands (USVI). Two sites in the Florida Keys were
sampled: a canal on Sugarloaf Key (n = 5) and a borrow pit on Grassy Key (n = 20). One
site each was sampled in Belize (n = 7) and the USVI (n = 6). Three sites in the Bahamas
were sampled: Spanish Cay (n = 5), Channel Cay (n = 4), and Bimini (n = 2). A total of
546 nt was used to define cox 1 haplotypes within this species.
For Elysia tuca, samples from three broad scale locations were collected: west
coast of Florida (GOM), Florida Keys (FLK) and Bahamas (BA). Two locations within
the Florida Keys (FLK), a borrow pit on Grassy Key (n = 3) and a reef referred to as
Western Dry Rocks (n = 10), were sampled. The Bahamas (BA) sample sites were
located at Spanish Cay (n = 17) and Stocking Island, Exuma (n = 2). The Gulf of Mexico
(GOM) sample site is located at Tarpon Springs, Florida (n = 5). A total of 585 nt was
used to define cox 1 haplotypes within this species.
Lastly, Elysia subornata individuals from two broad scale locations were assayed:
Florida Keys (FLK) and east coast of Florida (IRL). Three locations in Florida were
sampled: a canal on Plantation Key (n = 16), a borrow pit on Grassy Key (n = 19) and a
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site within the Indian River Lagoon system (n = 20). A total of 537 nt was used to define
cox 1 haplotypes.
All individuals were anesthetized with MgCl2 and stored in 95% EtOH. Samples
were collected between 2000 and 2005. Total cell DNA was isolated from a small
portion of the anterior end of the animal and the tissue subjected to a non-boiling chelex
extraction method (Walsh, Metzger & Higuchi, 1991). An aliquot of each chelex treated
sample was diluted with 1X TE (10 mM Tris, 1 mM EDTA; pH 7.5) or nanopure water
prior to use in the polymerase chain reaction (PCR) and then stored at -20°C for
subsequent amplifications.
Initially, portions of the cox 1 mitochondrial gene were PCR amplified with
Folmer et al.'s (1994) primers LCO1490 and HCO2198 (Table 3.1). Species-specific
primers were then designed from the approximately 700bp fragment (Table 3.1).
Amplification reactions (25 or 50 µL) consisted of 1X buffer (Enzypol LTD., Denver,
CO), 1.5 units of Enzypol Plus 2000 polymerase (Enzypol LTD., Denver, CO), 0.2 mM
each dNTPs, 3.0 mM MgCl2, 0.5 µM of each primer, 1.0 M Betaine, 0.12 µg/µL of
bovine serum albumen, and 0.25 - 1 µL of template. The cycling conditions for the
primer pairs consisted of 1 min. at 95°C followed by 35-45 cycles of 30 sec. at 95°C, 45
sec. at 48-54°C, and 1 min. at 72°C with a final extension of 3 min. at 72°C. A template
free reaction was included for the detection of contamination.
Two other genes, large subunit RNA (16S) and Histone 3, were also amplified
from Elysia crispata and Elysia subornata individuals identified as possessing basal
haplotypes in the cox 1 analysis. Primer pairs, 16Ssar (5’-CGC CTG TTT ATC AAA
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AAC AT-3’) and 16sa (5’-CTC CGG TTT GAA CTC AGA TC-3’) (Kessing et al. 1989)
and H3F (5’-ATG GCT CGT ACC AAG CAG ACV GC-3’) and H3R (5’-ATA TCC
TTR GGC ATR ATR GTG AC-3’) (Colgan, Ponder & Eggler, 2000) were used to
amplify ~450 bp of the 16S gene and ~380 bp of Histone 3. Amplification reactions (25
or 50 µL) consisted of 1X buffer (Enzypol LTD., Denver, CO), 1.5 units of Enzypol Plus
2000 polymerase (Enzypol LTD., Denver, CO), 0.2 mM each dNTPs, 3.0 mM MgCl2
(16S) or 1.5 mM MgCl2 (H3), 0.5 µM of each primer, 1.0 M Betaine, 0.12 µg/µL of
bovine serum albumen, and 2.0-4.0 µL of template. The cycling conditions for the 16S
primers consisted of 1 min. at 95°C followed by 35-45 cycles of 30 sec. at 95°C, 45 sec.
at 48°C, and 1 min. at 72°C with a final extension of 3 min. at 72°C. Cycling conditions
for the H3 primers consisted of 1 cycle of 4 min. at 95°C, 1 min. at 50°C, and 1 min. at
72°C, followed by 35 cycles of 45 sec. at 95°C, 30 sec. at 52°C, and 45 sec. at 72°C and a
final extension of 3 min. at 72°C. A template free reaction was included for the detection
of contamination.
Amplicons were purified using a QIAquick PCR purification kit (Qiagen, Inc.,
Valencia, CA). The mass of the amplicons was determined by comparing ethidium
bromide staining intensity of 2.0-5.0 µL of each purified reaction relative to a standard
mass DNA ladder (Invitrogen Life Technologies, Carlsbad, CA). Cycle sequencing
reactions and size sorting of the DNA were conducted with approximately 50 ng/ul of
purified PCR product by personnel at Macrogen, Inc. (Seoul, Korea). The sequences
from both strands of the amplicon were compared and edited (when needed) using
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Sequencher (v4.1; Gene Codes Corp., Ann Arbor, MI). The open reading frame for the
cox 1 gene was used to aid in proper alignment.
Neighbor-joining (NJ) trees were generated for each species and their associated
haplotypes. Two approaches were taken to examine the influence of distance metric and
inclusion of an outgroup. First, uncorrected p-distances for all positions were calculated
with PAUP* (v4.0b10; Swofford, 1998) and a neighbor-joining analysis was conducted.
Estimates of within species haplotype divergence were estimated using uncorrected pdistances because multiple unseen changes in nucleotide positions (multiple hits) should
not be an issue within species as these sequences should be closely related (maximum pdistance < 0.1) and follow a molecular clock; therefore, uncorrected p-distances should
be equal to the actual distance among haplotypes and not bias the tree topology (Rzhetsky
& Sitnikova, 1996). Second, sister species as indicated by a family level phylogeny for
the Placobranchidae were used as outgroups (Chapter 1) and haplotype divergence was
generated using a maximum likelihood estimator. For Elysia tuca, the sister species was
unidentified in the family level phylogeny; therefore, two possible candidates were used,
Elysia bennettae and Elysia (=Elysiella) pusilla. For Elysia crispata, the sister species
Elysia (=Tridachiella) diomedea, and for Elysia subornata, the sister species Elysia
pratensis, were designated as outgroups. Although saturation of 3rd positions is not an
issue within species, the use of an outgroup for rooting purposes necessitates the
exclusion of 3rd positions. Maximum likelihood (ML) distances based on 1st and 2nd
positions were estimated from a best-fit model of evolution as selected in Modeltest using
Akaike information criteria (v3.7; Posada & Crandall, 1998). Estimates of divergence
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were generated using a maximum likelihood estimator with PAUP* (v4.0b10; Swofford,
1998). These ML distances were then used to generate the Neighbor-Joining tree.
Support for all nodes was determined using 1000 bootstraps.
Estimates of haplotype (h) and nucleotide (π) diversities were generated using
Nei's (1987) equations 8.4 and 10.5 as implemented in Arlequin (v3.0; Excoffier, Laval
& Schneider, 2005). To determine how the molecular variation was partitioned among
locations, an Analysis of Molecular Variance (AMOVA) was performed using Arlequin
(v3.0; Excoffier et al., 2005). For the AMOVA analyses, a matrix of uncorrected pdistances between haplotypes was used with 10,000 permutations to assess significance
of the associated P value. Exact tests of population differentiation based on haplotype
frequencies (Raymond & Rousset, 1995) were also conducted using Arlequin (v3.0;
Excoffier et al., 2005). For the exact tests of differentiation, default parameters (10,000
steps in the Markov Chain and 1000 dememorization steps) were used. Initially, all
sample locations were treated as "populations" in the pairwise comparisons of φST. Other
possible groupings for structure analyses were determined based either on non-significant
difference among samples or relationships among haplotypes as indicated by NJ analyses.
Fu's FS test was used to assess departures from selective neutrality (Fu, 1997). Mismatch
distributions based on a sudden expansion model as implemented in Arlequin were
conducted if the Fs test rejected selective neutrality (Slatkin & Hudson, 1991; Rogers &
Harpending, 1992; Excoffier, 2004).

107

RESULTS
Elysia tuca
Seventeen haplotypes were defined by 36 polymorphic sites consisting of 32
transitions and four transversions. Accession numbers for Elysia tuca haplotypes are
DQ781352 - 781365 (ETU2 = DQ471249, ETU8 = DQ471250, ETU17 = DQ471251).
The majority of haplotypes were restricted to particular locations (Table 3.2). The only
exceptions to this trend were ETU6 and ETU13, detected in individuals from both the
Florida Keys and the Bahamas. Overall estimates of haplotype and nucleotide diversity
were 0.8919 + 0.0332 and 0.0121 + 0.0065, respectively, and all sampled sites exhibited
high haplotype and low nucleotide diversities (Table 3.3). The GOM sample site
exhibited the highest haplotype diversity followed by the Bahamas and the Florida Keys
samples. None of the GOM haplotypes was observed in the Florida Keys or Bahamas.
A Neighbor-Joining analysis based on uncorrected p-distances resulted in two
major clades among the observed haplotypes (Figure 3.1A). Clade 1 consisted of Gulf of
Mexico haplotypes and clade 2 was composed of haplotypes from the Florida Keys and
the Bahamas. Uncorrected p-distances resulted in shallow overall haplotype divergence
among the 17 haplotypes with average d = 0.0190 + 0.0123 (Table 3.4). Within clade 1,
the average divergence among all haplotypes was 0.0044 + 0.0015 and slightly higher
within clade 2.
For the determination of haplotype divergence in relation to the outgroups, Elysia
bennettae and Elysia pusilla, the best-fit model under AIC was a TIM + I model with six
substitution types. This model was based on 1st and 2nd positions only. Nucleotide
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frequencies were estimated as πA = 0.1926, πC = 0.2120, πG = 0.2472 and πT = 0.3482.
The proportion of invariant sites was estimated as 0.8568. Rate variation followed a
continuous gamma distribution equal over all sites. The average divergence among all
Elysia tuca haplotypes observed was lower than the observed divergences using all
positions and uncorrected p-distances (Table 3.4). The NJ analysis based on ML
distances recovered the same well-supported topology as that observed with uncorrected
p-distances and no outgroups. The only differences were in the relationships among
haplotypes within the individual clades. Within the clades identified in the NJ analysis,
the average divergence was 0.0008 + 0.0013 (GOM) and 0.0017 + 0.0023 (FLK & BA).
The average divergence estimate between the two clades was 6 to 13 times greater than
the divergence observed within clades. Compared to interclade divergences within Elysia
tuca, the divergence to the outgroups, Elysia bennettae and Elysiella pusilla, was 5 to 6
times greater.
To determine if sampling locations actually represent populations the distribution
of haplotypes by location (Table 3.2) was examined using AMOVA and a Neighbor
Joining network based on uncorrected p-distances. For the AMOVA, the samples from
different sites within both the Florida Keys and the Bahamas were not examined
separately due to small sample sizes for some sites within these locations; therefore, three
broad scale locations were used, GOM, FLK and BA. The overall ΦST was equal to 0.669
(P < 0.0001). Both the comparison of population pairwise ΦST and the exact tests of
differentiation based on haplotype frequencies resulted in significant differences among
locations. A second AMOVA was conducted based on the groupings observed in both
109

Neighbor-Joining trees (Figure 3.1A), placing FLK with BA versus GOM. The resulting
ΦST was larger at 0.785 (P < 0.0001), partitioning more variation among the populations
than within. As in the previous AMOVA, both the population pairwise ΦST and the exact
tests of differentiation indicated significant differentiation among these two groups.
FS tests of selective neutrality failed to reject the null hypothesis of selective
neutrality in both the FLK (P = 0.204) and BA (P = 0.519) sample. For the GOM sample
the FS test was significant (P = 0.009) indicating that selection may be occurring or that a
recent expansion of the population had occurred, however, the sudden expansion model
failed to converge suggesting that the sample size (n = 5) is too small to model.
Elysia crispata
Twenty-five haplotypes were defined by 78 polymorphic sites consisting of 68
transitions and 14 transversions. Accession numbers for Elysia crispata haplotypes are
DQ781377 - 781398 (ECR3 = DQ471225, ECR11 = DQ471223, ECR22 = DQ471224).
None of the 25 haplotypes was shared between broad scale locations (Table 3.2). Overall
estimates of haplotype and nucleotide diversity were 0.9345 + 0.0237 and 0.0395 +
0.0197, respectively (Table 3.3). The Bahamas (BA) exhibited the highest haplotype and
nucleotide diversity with 60 polymorphic sites observed (Table 3.3). The overall
estimate of population structure, ΦST = 0.788, was significant with a probability of
observing a greater value at random equal to zero. All population pairwise ΦST
comparisons resulted in significant differences between populations (all P values <
0.007). According to the exact tests of population differentiation, however, the Bahamas
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sample was not significantly different from USVI (P = 0.07), but was significantly
different from Belize at P = 0.01. All other comparisons resulted in P values < 0.006.
Although the overall estimate of ΦST was significant, the large number of pairwise
differences (22.47 + 10.74) within the BA sample suggested that further division (or
regrouping) of the Bahamas sample was necessary. First, a Neighbor-Joining analysis
using uncorrected p-distances was conducted to see how haplotypes grouped. The
resulting tree suggested two distinct lineages within the Bahamas. The Bahamas samples
were separated into two groups and haplotype and nucleotide diversities were
recalculated. For Bahamas 1 (BA1), seven samples resulted in six haplotypes and
haplotype diversity was estimated at 0.9524 + 0.0955 with 33 polymorphic sites observed
(π = 0.0196 + 0.0117). For Bahamas 2 (BA2), four samples resulted in three haplotypes
and haplotype diversity of 0.8333 + 0.2224 with nine polymorphic sites observed (π =
0.0105 + 0.0076). Overall ΦST was re-estimated treating BA1 and BA2 as separate
populations and the estimates increased. The overall ΦST was estimated as 0.8963 (P =
0.000) indicating significant structure among all populations. All populations were
significantly different from each other based on population pairwise ΦST (P < 0.005).
Exact tests of population differentiation produced conflicting results, suggesting that
although no haplotypes are shared among groups, BA1 & BA2 are not different from
each other or from USVI. All other comparisons resulted in significant differences (P <
0.02). The non-significance in difference among the groups is a result of the low
frequencies of the haplotypes and the permutation process used to assess significance.
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The average uncorrected p-distance among all haplotypes was estimated as
0.0455 + 0.0224 (range = 0.0018 - 0.0806; Table 3.4). An unrooted NJ tree based on
uncorrected p-distances resulted in four well-supported clades corresponding to FLK,
BA1, Belize and BA2 + USVI (Figure 3.2A). Bootstrap values of the unrooted pdistance tree also indicated a well-supported grouping of BA1, Belize and the BA2 +
USVI clades. Midpoint rooting, however, placed BA1 closer to FLK (not shown).
Estimates of average uncorrected p-distances were generated based on the four clades
detected in the analysis. Within FLK, Belize and BA2 + USVI, average p-distances
between haplotypes ranged from a low of 0.0039 + 0.0038 for Belize to a high of 0.0083
+ 0.0038 for BA2 + USVI. Within BA1, the average p-distance was 0.0230 + 0.0171.
Average p-distances among clades ranged from 0.0488 + 0.0055 (FLK to BA1) to 0.0688
+ 0.0052 (BA1 to Belize).
For the determination of ML distances with the outgroup, Elysia diomedea, the
best-fit model was TrN + I with six substitution rates. Nucleotide frequencies were
estimated as πA = 0.1790, πC = 0.2181, πG = 0.2549 and πT = 0.3480. The proportion of
invariant sites was estimated as 0.8711. Rate variation followed a continuous gamma
distribution equal over all sites. The NJ tree based on this model of evolution resulted in
a tree very different from the NJ tree based on p-distances (Figure 3.2B). No significant
bootstrap support was detected in the ML distance based tree. Lack of significant support
for the nodes detected in the NJ tree based on ML distances is a result of the loss of
considerable phylogenetic information with the exclusion of 3rd positions. Regressing 3rd
position transitions and transversions against uncorrected p-distances yields four distinct
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clouds of points, three of which do not indicate significant saturation of transitions
(Figure 3.3). These three clouds of points correspond to within population variation,
divergent haplotype ECR 20 versus other members of BA1, and variation both within and
among clades depicted in Figure 3.2A. The final cloud of points corresponds to
comparisons with the outgroup and indicate significant saturation of transitions. The
overall mean ML distance among haplotypes was 0.0122 + 0.0066 (range = 0.0000 0.0297; Table 3.4). Average ML distances among clades ranged from 0.0078 + 0.0020
(BE to BA2+USVI) to 0.0166 + 0.0036 (BA2+USVI to FLK). In comparison to the
outgroup, Elysia diomedea, the overall mean ML distance was 0.0319 + 0.0058, with the
range of average ML distance equivalent to a minimum of 0.0265 + 0.0029 (to
BA2/USVI) and maximum of 0.0385 + 0.0052 (to BA1).
The relationships among the locations cannot be conclusively determined using
cox 1 and ML distances based on 1st and 2nd positions because of the lack of signal at the
within species level. Other methods, such as strict maximum likelihood analysis
(heuristic search with 30 random addition replicates and TBR swapping) based on all
positions and the outgroup, detected high bootstrap values (100 replicates), corresponding
to the four lineages in the uncorrected p-distance based topology (Figure 3.2A). In this
analysis, the relationships among the clades was unresolved with 64 and 53 as the
bootstrap values for nodes connecting Belize + (BA2+USVI) and BA1 + FLK,
respectively. To determine if the addition of data from other genes, 16S and Histone 3,
could aid in the resolution of these nodes, individual haplotypes in the four clades were
sequenced (Table 3.5). Three of the four haplotypes (ECR10, ECR15 and ECR24) were
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basal to the clades identified in the NJ analysis. ECR3 from FLK was the only exception
to this. The additional data did not yield significant branch support, but did provide
information on number of polymorphic sites for these two additional genes. Thirty-eight
and three polymorphic sites were identified in the 16S and Histone 3 sequence
comparisons, respectively. The maximum number of differences observed in the Histone
3 sequences exists between the cox 1 haplotypes ECR15 (BA1), ECR10 (BE) and ECR22
(USVI) with two polymorphisms for each comparison while ECR3 differs from all others
with only one polymorphism.
The FS test of selective neutrality failed to reject the null hypothesis of selective
neutrality in mutations for Belize, BA1, and BA2+USVI. In the FLK samples this
hypothesis was rejected at P = 0.027, suggesting non-neutral mutations or recent
expansion. Mismatch distributions indicated that a sudden expansion model was the
best-fit model for the FLK population (PRI = 0.315; PSSD = 0.345).
Elysia subornata
Fourteen haplotypes were defined by 59 polymorphic sites consisting of 47
transitions and 15 transversions. Accession numbers for Elysia subornata FLK
haplotypes are DQ781349 - 781351 (ESU14 = DQ471283) and for Elysia sp. IRL,
DQ781339-781348. Plantation Key (n = 16) was fixed for one haplotype, ESU14, which
was also found in 10 individuals from Grassy Key. No other haplotypes were shared
among sample locations (Table 3.2). Overall estimates of haplotype and nucleotide
diversity were 0.7545 + 0.0527 and 0.0475 + 0.0235, respectively (Table 3.3). The mean
number of pairwise differences among haplotypes was 25.44 + 11.33. The large number
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of pairwise differences among haplotypes found in the Florida Keys (FLK) and Indian
River Lagoon (IRL) prompted an investigation of phylogenetic relationships among
haplotypes. First, uncorrected p-distances were estimated for all haplotypes and used to
construct a Neighbor-Joining tree (Figure 3.4A) with midpoint rooting. Two distinct
clades were recovered representing FLK and IRL. Overall mean p-distance among
haplotypes was 0.0466 + 0.0447 (range = 0.0016 - 0.1003; Table 3.4). Mean uncorrected
p-distances among haplotypes found within FLK and within IRL were low (d = 0.0066 +
0.0030 and 0.0051 + 0.0020, respectively). The average uncorrected p-distance between
locations, however, was seventeen times greater. Transitions and transversions at 3rd
positions were regressed against uncorrected p-distances and saturation of transitions was
indicated for IRL, FLK and Elysia pratensis comparisons (data not shown). With Elysia
pratensis as an outgroup, a best-fit model of evolution was estimated excluding 3rd
positions. The model chosen was a TrN + I with equal gamma rates and proportion of
invariable sites equal to 0.9172. Maximum likelihood estimates were generated based on
this model of evolution and used to construct a NJ tree (Figure 3.4B). The backbone
topology of this tree did not differ from that of the uncorrected p-distance tree although
relationships among individual haplotypes within clades did. The overall mean ML
distance among haplotypes was 0.0178 + 0.0190 (range = 0 - 0.0558; Table 3.4). Within
FLK the mean ML distance was greater than that observed within IRL. The mean ML
divergence estimated for FLK haplotypes versus Elysia pratensis was 0.0360 + 0.0053
and for IRL haplotypes versus Elysia pratensis the mean divergence was slightly lower (d
= 0.0250 + 0.0018); however, the mean divergence between IRL and FLK was 0.0375 +
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0.0062, the highest level reported here. Sequences of the 16S region for haplotypes
ESU1, 2, 5 and 11 (ESU14 was already available for both genes) and for the Histone 3
region haplotypes ESU2, 5 and 8 were generated (Table 3.5). A large number of
polymorphisms in 16S (25 polymorphic sites) and Histone 3 (10 polymorphic sites)
sequences among select haplotypes were detected. Because of these finding, IRL and
FLK were treated separately in further analyses.
Within the individuals from FLK, the sample from Plantation Key was
monomorphic with only haplotype ESU14 (n = 16) also found in the Grassy Key
population. The Grassy Key samples (n = 19) exhibited a higher haplotype and
nucleotide diversity. Only six polymorphic sites were observed defining four haplotypes.
The estimated ΦST was equal to 0.1572 (P = 0.005) and although a haplotype was shared,
populations were significantly different from each other based on population pairwise
ΦST (P = 0.002) and exact tests of population differentiation (P = 0.003). The samples
from IRL exhibited a higher haplotype and nucleotide diversity than observed in the
Grassy Key sample. Eleven polymorphic sites were observed (n = 21), defining ten
haplotypes.
FS tests of selective neutrality failed to reject the null hypothesis of selective
neutrality for the Grassy Key sample of Elysia subornata (P = 0.624) and the test could
not be applied to the Plantation Key sample because of fixation for one haplotype.
Combining the samples from the two locations still failed to reject the null hypothesis of
selective neutrality (P = 0.467).
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DISCUSSION
What began as a comparative population structure study among three species of
sacoglossan slugs detected large degrees of cox 1 variation within putative species and
the discovery of multiple evolutionary significant units. First, I will discuss the
significant levels of variation detected within Elysia subornata-like animals and what
possible species they are based on previous taxonomic descriptions. Second, I will
examine the recently described species, Elysia clarki, and other potential evolutionarily
significant units within Elysia crispata as this will affect the discussion regarding within
and among population structure. Third, I will discuss the potential factors affecting
population subdivision in the three species. Although sample sizes and locations are
limited and the entire range of each targeted species distribution has not been sampled, an
interesting pattern has emerged that can be described as low to intermediate to high in
molecular diversity in what are presumed single species comparisons.
Elysia subornata variation
What were believed to be Elysia subornata individuals from IRL and FLK
exhibited significant nucleotide variation, although the only external difference is in their
sizes. In terms of degree of variation, these two groups were as different from each other
as each was to the next most closely related species, Elysia pratensis. Further support of
a greater level of divergence among these Florida specimens is apparent in 3rd positions
of cox 1. In all current species comparisons within Placobranchidae, this position is
saturated (see Chapter 1), which is the same pattern observed among samples from IRL
and FLK. Of the putative species examined within this study, Elysia subornata exhibits
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the highest percent sequence divergence both in uncorrected p-distances and ML
distances based on 1st and 2nd positions only (9.5 % and 3.8%, respectively).
The species name of the populations in the Keys and Indian River Lagoon is not a
simple determination based on morphology and reference to the original Elysia subornata
species description (Verrill, 1901). Superficially, both populations look like Elysia
subornata; however, another name occurs in the literature that has a description similar to
this nominal species, Elysia cauze Marcus and Marcus, 1957. Elysia cauze was described
from Brazil and Jensen & Clark (1983) discuss the presence of a "new record" of Elysia
cauze from Fort Pierce and Sebastian Inlets on the east coast of Florida. Confusingly,
these authors also state that they separated three species that closely resemble Elysia
cauze, all of which exhibit slightly different feeding habits, but feed predominantly on
Caulerpa spp., and have different larval development types; planktotrophic,
lecithotrophic and direct metamorphosis. Clark (1984), however, synonymized Elysia
subornata from Bermuda and Elysia cauze from Florida, but gave little evidence for why.
In Clark (1994), Elysia subornata is reported to be "fairly common throughout the
Caribbean" and the type of development is direct or encapsulated metamorphosis.
The individuals collected for this study from the Florida Keys come from a
borrow pit on Grassy Key and a canal on Plantation Key and were < 1cm in total length.
Individuals were noted to share some characteristics with Elysia papillosa, such as small
tubercles on the body and dark pigment on the rolled rhinophores. Other characteristics
were more consistent with Elysia subornata descriptions, such as black pigment on the
"lips", a prominent pericardium extending ¾ of the length of the body, black pigment
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along the margin of the parapodia, and black pigment spots on the body. Both Plantation
and Grassy Key samples were found feeding on a Caulerpa sp. The individuals collected
from IRL were extremely similar to the Florida Keys individuals with black pigment on
the "lips", parapodial margin and spotted on the body. The pericardium extended ¾ of
the length of the body, but the overall length (1.5 - 3cm) was larger than the Florida Keys
individuals. The IRL individuals were found on Caulerpa prolifera. Specimens from
both locations also share a distinctively lightened foot region and highly pigmented
parapodia. In an electrophoretic analysis of Florida elysiids, Nuttall (1987) sampled
Elysia subornata from the Grassy Key borrow pit and a location in the Indian River
Lagoon at Titusville, Florida, and found that the two sample locations were genetically
distinct. Radular data for the two sample locations were also significantly different.
Nuttall also included a "striped" Elysia subornata from Big Pine Key, which is most
likely Elysia pratensis Ortea & Espinosa, 1996. The phenetic results of Nuttall (1987)
indicated that Elysia subornata grouped with Elysia pratensis and that Elysia (Indian
River) is the next most closely related lineage, which agrees with the findings presented
here (Figure 3.4).
Although I cannot confirm what species is involved in this study without further
morphological and life history assessments, the Florida Keys specimens are most likely
Elysia subornata and the IRL specimens are an unnamed species or possibly Elysia cauze
(sensu Marcus & Marcus, 1957). The large variation in cox 1, 16S and Histone 3
sequences between FLK and IRL specimens suggests that these are evolutionarily
significant units; however, further investigation of morphological and genetic variation is
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clearly warranted because of the insufficiently detailed original species descriptions and
the reasons outlined previously.
Elysia crispata variation
Within the samples of Elysia crispata from the Caribbean, four distinct lineages
were detected. One of these lineages, FLK, has subsequently been described as a
separate species, Elysia clarki (Pierce et al., 2006). The divergence estimates in cox 1 are
intermediate when compared to the uncorrected p-distances estimated for Elysia tuca
(low) and Elysia subornata vs. Elysia sp. IRL (high). Strict maximum likelihood analysis
of all positions did recover the four distinct clades (not shown), but did not shed more
light on the relationships among these clades nor did the inclusion of sequences from two
other genes.
The cox 1 divergences and information regarding variation in two other genes,
16S and Histone 3, suggest that all these populations are evolutionary significant units.
Interestingly, the maximum number of differences observed in the Histone 3 sequences
exist between the cox 1 haplotypes from BA1, BE and USVI. For the 16S gene the
greatest number of differences is found when comparing the BA1 haplotype, ECR15, to
all listed above. A more comprehensive survey (more locations and larger sample sizes)
of cox 1 variation in E. crispata in the Caribbean detected significant structuring and
large degrees of variation among geographically close locations, especially in the
Bahamas (P. Krug, personal communication); therefore, the data presented here are only
a small portion of the overall variation present. Because of the low level of genetic
variation in the nuclear gene, Histone 3, cautionary approach has been taken and the
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Florida Keys specimens are treated as a population in an attempt to examine how
mitochondrial genetic variation is partitioned.
Within and among population variation
Although a spurious effect of sample size and geographic breadth of sampling
cannot be discounted, different processes may be affecting population structuring in the
species studied here. The ranges of the three species sampled here are larger than the
sampling range: Elysia tuca is found throughout the Caribbean and in Brazil, Elysia
subornata is found throughout the Caribbean and in Bermuda and Brazil, and Elysia
crispata is found throughout the Caribbean and the Bahamas. Increased sampling of
individuals at locations and sampling of more locations increases the potential of
detecting more haplotypes either unique or shared. To illustrate the dangers of sampling
a limited portion of a species range it is instructive to review the studies of Lee & Ó
Foighil (2004, 2005). In a series of papers on the phylogeography of the scorched
mussel, Brachidontes exustus, the authors examined population genetic structure on both
"small" (Gulf & Atlantic) and "large" scales (Gulf, Atlantic & Caribbean). Consequently,
they had to revise their original conclusion regarding a Florida vicariant event resulting in
significant genetic divisions between the Gulf and Atlantic lineages. Significant sharing
of presumed Atlantic lineages with the southern Caribbean locations was detected,
suggesting a northward expansion of Brachidontes exustus lineages instead of a Florida
vicariant event causing divergence among populations (Lee & Ó Foighil, 2005). The
increased sampling of the entire range of Brachidontes exustus illustrates how broad scale
sampling can influence conclusions about haplotype endemicity and the role of vicariant
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processes. In one sense, conclusions about individual populations would not be
significantly affected with larger sampling breadth. For example, if a population
underwent repeated bottlenecks, sampling another location would not affect the detection
of bottlenecks. The detection of haplotypes in other locations, however, can have a
significant effect on conclusions made about gene flow between locations and the role of
vicariant processes in shaping haplotype distributions as opposed to life history traits or
demographic specific processes.
An obvious pattern in variation within the three species concerns diversity
estimates (h & π), degree of variation among haplotypes and population subdivision:
Elysia crispata always exhibited the highest levels of diversity, variation and population
subdivision. In terms of ranking based on these parameters, Elysia tuca was second,
followed by Elysia subornata (FLK) and lastly, Elysia sp. IRL (no ΦST estimate
available). With sample locations as the population units, AMOVA analyses yielded
large differences among ΦST values with Elysia crispata exhibiting a value of 0.8963,
Elysia tuca a value of 0.6696 and lastly Elysia subornata a value of 0.1572. In terms of
overall haplotype divergences (ML distances) for multiple locations, the least divergent
haplotypes were found in Elysia subornata in the Florida Keys (0.15 + 0.16%) followed
by Elysia tuca (0.55 + 0.34%) and Elysia crispata (1.1 + 0.66%) (Table 3.4).
Little variation within the Florida Keys Elysia subornata was detected especially
when compared to all other species or putative species (Table 3.3). Elysia crispata FLK,
has greater haplotype and nucleotide diversity than Elysia subornata (h = 0.79 and 0.61
and π = 0.0032 and 0.0024, respectively). These two species differ in life history
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characteristics, although information on kleptoplasty is not available for Elysia subornata
(Table 3.6). In terms of feeding preferences, Elysia crispata FLK appears to feed on
multiple algal types including, Bryopsis sp. and Penicillus sp., whereas Elysia subornata
is a specialist on Caulerpa spp. Clark (1994) states that direct or encapsulated
metamorphosis is the larval developmental type of Elysia subornata and time to hatching
is 13-14 days (Clark et al., 1979, Thibault et al., 2001). Although sample sizes of Elysia
crispata are small from locations in the Florida Keys, sharing of haplotypes occurs
between the two locations (Sugarloaf and Grassy Keys). Single individuals from
Plantation Key (ECR3) and an offshore reef at Western Dry Rocks (ECR1) also share
haplotypes, but were not included in the overall analysis. The finding of haplotype
sharing among locations within the Florida Keys seems surprising given that Elysia
subornata exhibits direct development. Such a complex habitat as the Florida Keys most
likely has micro-scale vicariant processes (e.g. local currents) occurring that affect the
distribution of larvae in ways that are not detectable with the current sampling. Further
sampling in the Keys and throughout the Caribbean is necessary to understand population
genetic structure within both species and the impact of these different types of
development.
Only two of the species studied here, Elysia tuca and Elysia crispata, were
sampled in Florida and the Bahamas. Interestingly, these two species exhibit
significantly different patterns in haplotype distributions, nucleotide diversity and
population subdivision (Tables 3.2, 3.3 and 3.6). Significant sharing of haplotypes
occurs in Elysia tuca samples from the Bahamas and the Florida Keys, with a
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Gulf/Atlantic split similar to other studies in this region (Avise, 1992). Elysia crispata
does not exhibit a similar biogeographic pattern, as no haplotypes are shared among
broad scale locations. In regards to lineage distribution among sample sites of Elysia
crispata, the only region where any of the four distinct lineages (Figure 3.2A) overlapped
was in the Bahamas. Within two sites in the Bahamas, Bimini & Channel Cay,
individuals were collected simultaneously that exhibited haplotypes belonging to clades
BA1 and BA2. An example of this are haplotypes ECR 20 and ECR 21 found in two
individuals from Bimini that were collected on the same rock. Although the entire
distribution has not been sampled for either species, the striking difference in haplotype
distribution is puzzling as both Elysia crispata and E. tuca exhibit lecithotrophic larval
development. The major differences between the two species are in feeding preference
and degree of kleptoplasty (Table 3.6). Elysia tuca displays a strong feeding preference
for Halimeda sp. (Jensen, 1983 and pers observ.) while Elysia crispata feeds on noncalcareous algae of the family Bryopsidaceae and calcareous algae of the family
Udoteaceae (Curtis et al., 2004). Elysia crispata has long been considered a strong
kleptoplast species prompting its categorization as a Level 6 kleptoplast (sensu Clark,
1992). This level is characterized as long-term functional retention of chloroplasts and
the ability to produce photosynthate for periods greater than 1 week (Clark, 1992). Elysia
tuca, however, is a Level 5 kleptoplast, which is characterized as medium-term functional
retention of chloroplasts (~5 days) and no photosynthate production within 1 week of
starvation (Clark & Busacca, 1978).
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If a species feeds on one type of alga and that alga dies off, then the adults have to
move or die and offspring produced may have to search farther abroad for their food
choice. If they are able to produce necessary energy from resources collected previously
(i.e. chloroplasts) and their food choice is not limited to one type of alga, animals may be
able to survive in a location for a longer period of time. The specialist/generalist strategy
coupled with kleptoplasty could explain the structure observed between slug species in
the Keys and Bahamas. For Elysia tuca, a specialist and not as good a kleptoplast, the
adults would have to search for the appropriate food source. If the appropriate food
source is not available or in close proximity, then adults would not be able to persist for a
long period. Specifics regarding larval metamorphosis are unknown at this time. The
pattern of significant sharing of haplotypes between the Bahamas and the Florida Keys,
however, suggests that their planktonic life prior to metamorphosis is extensive enabling
long distance dispersal. For the generalist feeder and excellent kleptoplast, Elysia
crispata, more information is available in terms of time to metamorphosis. In the
laboratory, Pierce et al. (2006) documented time to metamorphosis for both FLK and
USVI animals to be 4-5 days although the time to hatching was longer in the FLK
specimens at 28-35 days versus 19 days for the USVI specimens. A long period to
hatching and the ability to use multiple algal species could allow populations to persist in
particular locations for longer periods of time. As a consequence of longer persistence,
significant broad and micro-scale population structure could result. Support for this
hypothesis is evident from the lack of haplotype sharing among broad and small scale
locations of Elysia crispata.
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Another possible explanation for the increased level of population subdivision in
Elysia crispata could be rapid fluctuations in population size coupled with varying
selective pressure and retention of ancestral polymorphisms. In reference to population
size, Clark (1994) reported an approximately 10-fold reduction in the population size of
animals at Grassy Key from the 1970's to the 90's. No similar data exist for the other
locations sampled here. Collectors working in the Florida Keys have observed low to
high-density populations in the same location spanning the course of 2 years (2002 2004; S.E. Massey, pers. comm.), which may be associated with their life cycle. The
FLK samples analyzed here were collected in 2000 and 2002. These observations on
population size provide at least circumstantial evidence of fluctuations, potentially rapid.
Evidence for selection in the FLK population was detected using the FS test of Fu (1997)
and a goodness-of-fit test indicated that a sudden expansion model explained the
mismatch distribution of pairwise differences. For all other populations selective
neutrality could not be rejected and the mismatch distributions were not unimodal.
Within species, it appears that larval development type may not be a good
predictor of population subdivision. Animals with the same type of development exhibit
different patterns of subdivision, as observed in Elysia tuca and Elysia crispata, although
the importance of the time to metamorphosis cannot be discounted. Feeding preferences
and degree of kleptoplasty may explain the observed differences and warrant further
investigation. As noted above, examination of these species across their range is also
necessary to fully comprehend genetic variation and its potential causes.
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Population specific demography needs to be explored more fully with the addition
of greater sample sizes. The differences noted in the mismatch distributions between the
sample locations/clades of Elysia crispata highlight the potential for population specific
processes to have a significant impact on population subdivision.
Previous literature on species descriptions and species occurrence is confusing
and potentially contradictory such that identification of species can be difficult. Elysia
subornata and similar looking animals are a good example of the problems inherent in
current placobranchid slug taxonomy. Obviously, further study based on morphology,
behavior and genetics is necessary to determine how to differentiate these animals from
each other. It is important to sample these animals across their range so that levels of
morphological and genetic variation can be determined and species designations can be
made in a comparative framework.
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Table 3.1: Primers used in amplification of three species of sacoglossans. The first two
listed are the cox 1 primers of Folmer et al. (1996). The remaining primers are species
specific primers made for this study. ESU, ETU and ECR refer to Elysia subornata,
Elysia tuca and Elysia crispata, respectively. The estimated fragment size is provided for
the forward (F) and reverse (R) primer combinations.
Primer Name
LCO1490
HCO2198
ESUCO1F
ESUCO1R
ETUCO1F1
ETUCO1R1
ECRCO1F2
ECRCO1R3

5'-3' Sequence
GGT CAA CAA ATC ATA AAG ATA TTG G
TAA ACT TCA GGG TGA CCA AAA AAT CA
TGG GAC TTC AGG TGC TTT TT
AAT AGG ATC CCC TCC TCC A
GAT GTG GTC TGG TTG GAA CA
ATT GGG TCC CCA CCT CCT
TGT GGT TTA GTC GGG ACT GG
TAA TTG CTC CAG CAA GCA CA
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Fragment Size
700bp
680bp
670bp
630bp

Table 3.2: Cytochrome c oxidase subunit I haplotypes by location for species of sacoglossans. In the text, haplotypes are
referenced using the species name abbreviation (i.e. ETU for Elysia tuca and ECR for Elysia crispata) followed by the
haplotype number. Dashes indicate the absence of those numbered haplotypes for a particular species. BA1 and BA2 under
Elysia crispata refer to Bahamans clade 1 and 2, respectively.
Haplotype
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

GOM
(N=5)
1
1
1
1
1

Elysia tuca
FLK
(N=13)

2

-

6
1
1
1
2
-

BA
(N=19)

2
1
8
1
2
1
1
3

FLK
(N=25)
11
1
3
1
2
1
2
3
1

Elysia crispata
BE
BA
(N=7)
(N=11)

USVI
(N=6)

1
7
1
1
1
1
1
5
1
2

1
5
1
1 (BA2)
2 (BA2)
1 (BA1)
1 (BA1)
1 (BA1)
1 (BA1)
2 (BA1)
1 (BA1)
1 (BA2)

-

2
2
1
1
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Elysia subornata
IRL (N=21)
FLK (N=35)

-

1
1
7
26
-

Table 3.3: Haplotype and nucleotide diversity estimates + standard deviations for three
species of sacoglossans. Estimates in bold are overall estimates of diversity for each
putative species. Locations refers to broad scale sample sites.
Species/Location
Elysia subornata
Florida Keys
Grassy
Plantation
Indian River Lagoon
Elysia tuca
Gulf of Mexico
Florida Keys
Bahamas
Elysia crispata
Florida Keys
Belize
Bahamas
1
2
USVI

Haplotype (h) diversity
0.7545 + 0.0527

Nucleotide (π) diversity
0.0475 + 0.0235

0.6140 + 0.0750
0
0.8476 + 0.0588
0.8919+ 0.0332
1.0000 + 0.1265
0.7821 + 0.1045
0.8070 + 0.0790
0.9345 + 0.0237
0.7900 + 0.0738
0.5238 + 0.2086
0.9636 + 0.0510
0.9524 + 0.0955
0.8333 + 0.2224
0.8667 + 0.1291

0.0024 + 0.0018
0
0.0038 + 0.0025
0.0121 + 0.0065
0.0040 + 0.0031
0.0038 + 0.0026
0.0069 + 0.0041
0.0395 + 0.0197
0.0032 + 0.0021
0.0017 + 0.0016
0.0416 + 0.0224
0.0196 + 0.0117
0.0105 + 0.0076
0.0032 + 0.0025
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Table 3.4: Summary of uncorrected p and maximum likelihood (ML) distances. Values
indicate the average distances overall and between clades for both uncorrected p and
corrected ML distances. Average ML distances to the outgroups are indicated and where
applicable minimum and maximum distances are indicated for between clade and
outgroup comparisons.
Distances
Comparisons
Uncorrected p
Overall
Between
Clades
ML
Overall
Between
Clades
Outgroups
1
2

Elysia tuca

Elysia crispata

Elysia subornata-like
animals

0.0190 + 0.0123
0.0318 + 0.0042

0.0455 + 0.0224
0.0488 + 0.0055 (min)
0.0688 + 0.0052 (max)

0.0466 + 0.0447
0.0948 + 0.0027

0.0055 + 0.0053
0.0105 + 0.0034

0.0112 + 0.0066
0.0078 + 0.0020 (min)
0.0166 + 0.0036 (max)
0.0265 + 0.0029 (min)
0.0385 + 0.0052 (max)

0.0178 + 0.0190
0.0375 + 0.0062

0.0522 + 0.00591
0.0587 + 0.00512

versus Elysia bennettae
versus Elysia pusilla
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0.0250 + 0.0018 (min)
0.0360 + 0.0053 (max)

Table 3.5: Accession numbers for sequences of 16S and Histone 3 gene regions. Dashes
indicate that sequences are not available for those haplotypes.
Haplotype
ECR3
ECR10
ECR15
ECR24
ESU1
ESU2
ESU5
ESU8
ESU11
ESU14

16S
DQ480197
DQ480199
DQ781366
DQ781367
DQ781370
DQ781371
DQ781372
DQ781373
DQ480165
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Histone 3
DQ534788
DQ534790
DQ781368
DQ781369
DQ781374
DQ781375
DQ781376
DQ534765

Table 3.6: Results of overall estimates of ΦST and select life history traits for three
species of sacoglossans. For larval development type: 2 = lecithotrophic, and 3 = direct
development. For kleptoplasty level: 5 = medium-term functional retention of
chloroplasts, photosynthate produced >24 hours with function ceasing within 1 week of
starvation; 6 = long-term functional retention, photosynthate produced for > 1 week.
Species

Overall ΦST

Feeding
Preference

Elysia tuca

0.6696
P < 0.0001
0.8963
P < 0.0001
0.1572
P = 0.005

Halimeda spp..

Elysia crispata
Elysia subornata

Halimeda,
Penicillus
Caulerpa spp..
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Larval
Development
Type
2

Kleptoplasty
Level

2

6

3

?

5

Figure 3.1: Results of Neighbor Joining (NJ) analysis of Elysia tuca cox 1 haplotypes from the Gulf of Mexico (GOM), Florida
Keys (FLK) and the Bahamas (BA). Bootstrap values based on 1000 replicates are indicated above the branches. A) Midpoint
rooting of NJ tree based on uncorrected p-distances. B) NJ tree rooted with Elysia bennettae and Elysia (=Elysiella) pusilla
based on ML distances excluding 3rd positions.
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Figure 3.2: Results of Neighbor Joining (NJ) analysis of Elysia crispata cox 1 haplotypes from Florida Keys (FLK), Belize,
Bahamas (BA1 & BA2) and the United States Virgin Islands (USVI). Bootstrap values based on 1000 replicates are indicated
above the branches. A) Unrooted NJ tree based on uncorrected p-distances. B) NJ tree rooted with Elysia (=Tridachiella)
diomedea based on ML distances excluding 3rd positions.
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Figure 3.3: Regression of 3rd position transitions (◊) and transversions (×) against uncorrected p-distances for Elysia crispata
haplotypes and Elysia diomedea. The non-linear relationship indicating at the species level indicates saturation. Boxes around
distinctive clouds of points are related to within, divergent haplotype ECR20, among locations and comparisons to Elysia
diomedea, respectively.
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Figure 3.4: Results of Neighbor Joining (NJ) analysis of Elysia subornata cox 1 haplotypes from the Florida Keys (FLK) and
Indian River Lagoon (IRL). Bootstrap values based on 1000 replicates are indicated above the branches. A) Midpoint rooting
of NJ tree based on uncorrected p-distances. B) NJ tree rooted with Elysia pratensis based on ML distances excluding 3rd
positions.
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